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ABSTRACT 
This study utilizes recent advances in the analysis of neodymium (Nd) as an oxide 
(NdO
+
) by thermal ionization mass spectrometry (TIMS) to constrain the timing of early-
Earth (> 2.5 Ga) garnet growth, directly date old (> 1 Ma) carbonate mineralization, and 
unravel the timing and duration of tectonometamorphic processes resulting in high 
temperature garnet growth. High precision samarium (Sm)-Nd geochronology provides a 
useful method for elucidating the nature of garnet and carbonate mineralization. Nd 
concentration in clean (inclusion-free) garnet is <1 ppm and <10 ppm in secondary 
carbonate minerals. Thus, refined techniques for analysis on very small aliquots of Nd (< 
4 ng) is necessary for advancing Sm-Nd garnet and carbonate geochronology. 
Garnet from the Eoarchean Nuvvuagittuq Supracrustal Belt (NSB) in Quebec, 
Canada yields a 4-point 
147
Sm/
143
Nd age of 2574.66 ± 0.72 Ma (MSWD = 0.62). This is 
the most precise Neoarchean age reported for this terrane and was achieved through a 
modified partial dissolution procedure designed to remove the much older (~3.8 Ga) 
viii 
 
inherited zircon inclusions. A precise and accurate age for the metamorphic garnet in the 
NSB is critical, as the Nd model age calculations for this complex (and controversial) 
terrane rely on the time at which 
147
Sm/
144
Nd systematics were last altered.  
Carbonate mineralization ages are determined for a diverse group of samples 
using a sequential extraction procedure. Through this procedure it is possible to constrain 
carbonate mineralization in a variety of geologic settings (metamorphic fluid flow, 
hydrothermal and ore-forming systems) to ± 20 Myr. 
Zoned garnet geochronology (applied by microsampling three ~1.5 cm diameter 
garnets) and bulk garnet geochronology at ten sites within a localized area (~5 km
2
) of 
granulite-facies metamorphism in Bristol, New Hampshire reveals multiple brief (~1 
Myr) periods of garnet growth between 352.8 ± 1.7 Ma and 399.2 ± 2.3 Ma, at 
temperatures of 730-850°C. Garnet growth ages and temperatures (through Zr-in-rutile 
thermometry) were also determined in Phillipston, Massachusetts (363.91 ± 0.81 Ma at 
950°C) and Willington, Connecticut (341.5 ± 4.3 Ma at 1000°C), revealing a regional 
trend of pulsed high temperature garnet growth over a ~60 Myr time span. 
 
 
 
 
 
 
 
ix 
 
TABLE OF CONTENTS 
 
 
Acknowledgements                                                                                                             iv 
 
Abstract                                                                                                                              vii 
 
Table of Contents                                                                                                                ix 
 
List of Tables                                                                                                                       x 
 
List of Figures                                                                                                                    xii 
 
List of Abbreviations                                                                                                         xv 
 
Introduction…………………………………......................................................................1 
 
Chapter 1: Neoarchean (2575 Ma) metamorphic garnets of the Nuvvuagittuq            4 
Supracrustal Belt (Quebec, Canada) and the subtle effects of 
ancient inherited zircon inclusions on samarium-neodymium ages 
 
Chapter 2:  Exploration and enhancement of samarium-neodymium          48 
carbonate geochronology 
 
Chapter 3:  High temperature garnet growth in New England: regional          97 
temperature-time trends revealed 
 
Appendix A:  Neodymium, samarium and strontium standard data                   159 
 
Appendix B:  All blank data                181 
 
Appendix C:  Improved  precision on small (<4 ng Nd) samples                     190 
 
Bibliography                193 
 
Curriculum Vitae               205 
 
 
 
 
x 
 
LIST OF TABLES 
 
Table 1.1 Major element data for sample IN08012                                                   28 
Table 1.2 Partial dissolution recipes and weights for Nuvvuagittuq samples           33    
Table 1.3 Sm-Nd isotopic data for sample IN08012                                                 34 
Table 1.4 3-point isochron ages for sample IN08012                                                35 
Table 1.5 multi-point isochron ages for sample IN08012                                         36 
Table 2.1 Preliminary/exploratory carbonate Sm-Nd data                                        75 
Table 2.2 All carbonate Sm-Nd data                                                                         76 
Table 2.3 All carbonate Sr data                                                                                 78 
Table 2.4 All carbonate U, Th, and Pb concentration data                                        80 
Table 2.5 All carbonate Pb isotopic data                                                                   82 
Table 2.6 All calculated Sm-Nd and Pb-Pb ages for carbonate samples                  84 
Table 2.7 All carbonate EMP data                                                                            85 
Table 2.8 All carbonate ICP-ES data                                                                         86 
Table 3.1 NH/MA/CT sample locations                                                                  132 
Table 3.2 sample weights for NH and CT bulk garnet analyses                              133 
Table 3.3 sample weights for NH zoned garnet analyses                                        135 
Table 3.4 Sm-Nd data for NH and CT bulk garnet analyses                                   136 
Table 3.5 Sm-Nd data for NH zoned garnet analyses                                              139 
Table 3.6 Sm-Nd data for sample 12OMA2D from Phillipston, MA                      140 
Table 3.7 All accepted garnet ages from NH, MA, and CT                                    141 
xi 
 
Table 3.8 NH, MA, and CT peak temperature estimates                                         143 
Table A.1 TIMS run conditions for all Nd standards                                               160 
Table A.2  Isotope data for all 4ng Ames Nd standards                                            165 
Table A.3 Isotope data for all 400pg Ames Nd standards                                        169 
Table A.4 Isotope data for all 4ng JNDi Nd standards                                             170 
Table A.5 Isotope data for all 4ng La Jolla Nd standards                                         171 
Table A.6 Isotope data for all 20ng Sm standards                                                    172 
Table A.7 Isotope data for all Sr standards                                                               174 
Table B.1 Sm-Nd blank data (for columns and reagents)                                        182 
Table B.2 Sr column blank data                                                                               184 
Table B.3 
147
Sm/
144
Nd and 
143
Nd/
144
Nd values measured for 3 column blanks       185 
Table B.4 
87
Sr/
86
Sr values measured for Sr column blanks                                      186 
Table C.1 
143
Nd/
144Nd values and precision for all ≤ 4 ng samples                         191 
 
 
 
 
 
 
 
 
 
xii 
 
LIST OF FIGURES 
 
Figure 1.1 All published ages from the NSB                                                              37 
Figure 1.2 Zircon micro-inclusion with a garnet crystal                                             38 
Figure 1.3 Ca, Mg, Mn, Fe, Sm, and Lu profiles for sample IN08012                       39 
Figure 1.4 Sample IN08012 
147
Sm-
143
Nd isochrons                                                   40 
Figure 1.5 ε143Nd vs time for Nuvvuagittuq samples                                                  42 
Figure 1.6 
147
Sm/
144
Nd and ages vs. minutes cleaned in HF for sample IN08012     43 
Figure 1.7 Normalized isochron plot for sample IN08012                                         44 
Figure 1.8 The effects of zircon contamination on garnet ages                                  45 
Figure 2.1 Histogram of previously published carbonate 
147
Sm/
144
Nd data               87 
Figure 2.2 The beehive sample                                                                                    88 
Figure 2.3 EMP images of samples 09SVT7D, 08SVT4B, and CC5                         89 
Figure 2.4 Sm, Nd, Sr, and Pb isotopic data for sample 09SVT7D                            90 
Figure 2.5 Sm, Nd, Sr, and Pb isotopic data for sample 08SVT4B                            91 
Figure 2.6 Sm, Nd, Sr, and Pb isotopic data for sample CC5                                     92 
Figure 2.7 Sm, Nd, Sr, and Pb isotopic data for sample BAXX5                               93 
Figure 2.8 Sm, Nd, Sr, and Pb isotopic data for sample EBB6                             94 
Figure 2.9 Sm, Nd, Sr, and Pb isotopic data for the beehive sample                          95 
Figure 2.10 Histogram of all 
147
Sm/
144
Nd carbonate data presented here                     96 
Figure 3.1 General geologic map of New England                                                   144 
Figure 3.2 General geologic map of New Hampshire                                      145 
xiii 
 
Figure 3.3 Garnet geochronology locations in Bristol, NH                                      146 
Figure 3.4 Microsampling of three garnet samples from Bristol, NH                      147 
Figure 3.5 Microsampling of 12OMA-2D                                                                148 
Figure 3.6 Isochrons and bulk garnet ages for 09BNH1A and 10BNH3C               149 
Figure 3.7 Isochron and bulk garnet age for 10BNH4C                                           150 
Figure 3.8 Isochrons and bulk garnet ages for 10BNH5A and 10BNH6A               151 
Figure 3.9 Isochrons and bulk garnet ages for 10BNH7A and 10BNH11A             152 
Figure 3.10 Isochrons and bulk garnet ages for 10BNH13A and 10BNH15B           153 
Figure 3.11 Isochrons and bulk garnet ages for 10BNH18A and 10BNH24D           154 
Figure 3.12 Isochron and bulk garnet age for 11SCT1A                                            155 
Figure 3.13 Isochrons for the 3 micro-drilled samples from Bristol, NH                   156 
Figure 3.14 Concordia plots for 12OMA-1A, 13SNH-25, and 13SNH-28                157 
Figure 3.15 Histogram of all NH, MA, and CT ages presented here                          158 
Figure A.1 
143
Nd/
144
Nd for all 4ng Ames Nd standards                                             175 
Figure A.2 
143
Nd/
144
Nd for all 400pg Ames Nd standards                                        176 
Figure A.3 
143
Nd/
144
Nd for all 4ng JNDi Nd standards                                              177 
Figure A.4 
143
Nd/
144
Nd for all 4ng La Jolla Nd standards                                         178 
Figure A.5 
147
Sm/
152
Sm for all 20ng Sm standards                                                    179 
Figure A.6 
87
Sr/
86
Sr for all Sr standards                                                                     180 
Figure B.1 
147
Sm/
144
Nd data for 3 column blanks                                                     187 
Figure B.2 
143
Nd/
144
Nd data for 3 column blanks                                                      188 
Figure B.3 pg Nd vs. date for all 3 column blanks                                                    189 
xiv 
 
Figure C.1 ppm precision on 
143
Nd/
144Nd vs. ng Nd for all ≤ 4 ng samples              192 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xv 
 
LIST OF ABBREVIATIONS 
 
abs  absolute 
Al  aluminum 
amp  amphibole 
AR  aqua regia 
B.A.  Bachelor of Arts 
bio  biotite 
BU  Boston University 
C  carbon 
14
C  isotope of carbon with mass number 14 
°C  degrees Celsius 
Ca  calcium 
CA  California 
CaO  calcium oxide  
chl  chlorite  
CHUR  chondritic uniform reservoir 
cm  centimeter 
CO2  carbon dioxide 
conc  concentration 
CT   Connecticut 
δ18O  delta-O-18 
xvi 
 
EAR  Division of Earth Sciences at NSF 
et al.  and others 
EMP  electron microprobe 
Fe  iron 
FeO  iron oxide 
g  gram 
GPa  gigapascals 
grt  garnet 
gt  garnet 
h  hour 
H2O  water 
HCl  hydrochloric acid 
Hg  mercury 
202
Hg  isotope of mercury with mass number 202 
204
Hg  isotope of mercury with mass number 204 
Hf  hafnium 
HF  hydrofluoric acid 
HNO3  nitric acid 
HP  high pressure 
H3PO4  phosphoric acid 
HR  high resolution 
ICP-ES inductively coupled plasma emission spectrometer 
xvii 
 
ICP-MS inductively coupled plasm mass spectrometer 
K  potassium 
K2O  potassium oxide 
km  kilometer 
kV  kilovolt 
Lu  lutetium 
M  molar 
Ma  million years ago 
MC-ICP-MS multi-collector inductively coupled plasma mass spectrometer 
mL  milliliter 
MLA  methyl lactic acid (2-hydroxyisobutyric acid) 
mg  milligram 
Mg  magnesium 
MgO  magnesium oxide 
min  minute 
MIT  Massachusetts Institute of Technology 
mm  millimeter 
Mn  manganese 
MnO  manganese oxide 
mol  mole 
mol%  mole percent 
MSWD mean square weighted deviation 
xviii 
 
mtx  matrix 
Myr  million years 
n  number of items 
1.5N  1.5 normal solution 
nA  nanoamp 
Na  sodium 
Na2O  sodium oxide 
NaOAc sodium acetate 
Nd  neodymium 
142
Nd  isotope of neodymium with mass number 142 
143
Nd  isotope of neodymium with mass number 143 
144
Nd  isotope of neodymium with mass number 144 
145
Nd  isotope of neodymium with mass number 145 
146
Nd  isotope of neodymium with mass number 146 
148
Nd  isotope of neodymium with mass number 148 
150
Nd  isotope of neodymium with mass number 150 
NdO
+
  neodymium oxide ion 
ng  nanogram 
NH  New Hampshire 
NSB  Nuvvuagittuq Supracrustal Belt 
NSF  National Science Foundation 
O  oxygen 
xix 
 
OH  hydroxide 
Os  osmium 
P  pressure 
Pb  lead 
204
Pb  isotope of lead with mass number 204 
206
Pb  isotope of lead with mass number 206 
207
Pb  isotope of lead with mass number 207 
208
Pb  isotope of lead with mass number 208 
PD  partial dissolution 
%  percent 
pg  picogram 
Ph.D.  Doctor of Philosophy 
P2O5  phosphorus oxide 
ppb  parts per billion 
ppm  parts per million 
pwd  powder 
Rb  rubidium 
87
Rb  isotope of rubidium with mass number 87 
Re  rhenium 
REE   rare earth element 
RSD  relative standard deviation  
σ  sigma 
xx 
 
s  second 
SD  standard deviation 
SE  standard error 
Si  silicon 
SiO2  silicon oxide 
Sm  samarium 
144
Sm  isotope of samarium with mass number 144 
147
Sm  isotope of samarium with mass number 147 
148
Sm  isotope of samarium with mass number 148 
149
Sm  isotope of samarium with mass number 149 
150
Sm  isotope of samarium with mass number 150 
152
Sm  isotope of samarium with mass number 152 
154
Sm  isotope of samarium with mass number 154 
Sr  strontium 
SrO  strontium oxide 
84
Sr  isotope of strontium with mass number 84 
86
Sr  isotope of strontium with mass number 86 
87
Sr  isotope of strontium with mass number 87 
88
Sr  isotope of strontium with mass number 88 
t  time 
t1/2  half-life 
T  temperature 
xxi 
 
Ta  tantalum 
Ta2O5  tantalum oxide 
Th  thorium 
232
Th  isotope of thorium with mass number 232 
Ti  titanium 
TIMS  thermal ionization mass spectrometer 
TiO2  titanium dioxide 
U  uranium 
235
U  isotope of uranium with mass number 235
 
238
U  isotope of uranium with mass number 238 
UHP  ultrahigh pressure 
μ  238U/204Pb 
µL  microliter 
μm  micrometer 
USA  United States of America 
VT  Vermont 
wt%  weight percent 
Y  yttrium 
yr  year 
Zn  zinc 
Zr  zirconium
 
1 
 
 
 
INTRODUCTION AND STRUCTURE 
 
 Direct dating of garnet has long been recognized as an invaluable tool for 
understanding and reconstructing a wide variety of tectonometamorphic processes and 
conditions. Due to its heavy rare earth element enrichment (HREE) clean (inclusion-free) 
garnet will have high ratios of Sm/Nd (generally >1.0), which allows for precise 
geochronology (Baxter and Scherer, 2013; Thöni, 2002). Additionally, garnet growth can 
be directly linked to specific pressure-temperature-composition (P-T-X) conditions and 
processes through the chemistry and thermodynamics of garnet forming reactions. These 
direct links and absolute ages can be used to constrain the durations and rates of a variety 
of tectonometamorphic processes (e.g. exhumation, heating, fluid flow, deformation) that 
lead to garnet growth.  
Recent advances in the analysis of small samples of Nd (≤ 4 ng) via thermal 
ionization mass spectrometry (TIMS) (Harvey and Baxter, 2009) and partial dissolution 
methods to remove microinclusions from garnet (Amato et al., 1999; Anczkiewicz and 
Thirlwall, 2003; Baxter et al., 2002; Dewolf et al., 1996; Pollington and Baxter, 2011; 
Scherer et al., 2000) have improved both the precision and accuracy of garnet 
geochronology. These advances have led to the ability to individually date multiple 
concentric growth zones within a single garnet crystal (Dragovic et al., 2012; Pollington 
and Baxter, 2010) and extract valuable information about the rate and duration of garnet 
growth. This dissertation further advances these methods and employs them in two field 
locations. 
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Similar to garnet, there are a diversity of processes and systems that lead to the 
precipitation of carbonate (e.g. metamorphic fluid flow, hydrothermal alteration, ore 
forming systems). For a variety of reasons (discussed in detail in Chapter 2) directly 
dating old (> 1 Ma) carbonate mineralization, is very challenging. However, recently a 
handful of studies have had success using the Sm/Nd system to date hydrothermal 
carbonate minerals (Henjes-Kunst et al., 2008; Henjes-Kunst et al., 2014; Nie et al., 
1999; Oberthür et al., 2009; Peng et al., 2003; Prochaska and Henjes-Kunst, 2008; Su et 
al., 2009; Uysal et al., 2007). Most of this work has involved calculating a single age 
from multiple bulk carbonate samples. Here, through a modified sequential extraction 
procedure (e.g. Tessier et al., 1979), multi-point Sm/Nd isochrons are built from single 
carbonate samples, eliminating the uncertainty associated with grouping multiple samples 
together. Due to the low concentrations (< 0.5 ppm) of Sm and Nd in most carbonates 
this is made possible by the BU TIMS Facility’s ability to measure small quantities of Nd 
(4 ng)  at high precision (10 ppm).  
This dissertation consists of three chapters. Chapter 1 focuses on dating garnet 
from the Eoarchean Nuvvuagittuq Supracrustal Belt (NSB) in Québec Canada and 
developing partial dissolution techniques specific to dating old (> 2 Gyr) garnet 
containing even older, resistant, inclusions. Chapter 2 explores using the Sm/Nd system 
and a sequential extraction procedure to date secondary carbonate mineralization in a 
variety of geologic environments. Chapter 3 uses both bulk and zoned garnet 
geochronology to constrain the timing and duration of a series of localized high 
temperature/ultra-high temperature garnet growth events within the Central Maine 
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Terrane in New England. This chapter includes data that was collected during the senior 
thesis of Claire Ostwald, completed in 2013.  NCS mentored Ostwald during her thesis 
and assisted with the sample preparation, analysis, and data interpretation.  NCS also re-
analyzed several of these data subsequent to Ostwald’s thesis. Appendix A contains all of 
the Nd, Sm, and Sr standard data collected during the course of this work. Appendix B 
contains all of the Nd, Sm, and Sr blank data collected during the course of this work. 
Appendix C is a compilation of all ≤ 4 ng Nd samples run during the course of this work, 
showing that significant improvements have been made since Harvey and Baxter (2009). 
 
4 
 
 
 
CHAPTER 1 
NEOARCHEAN (2575 Ma) METAMORPHIC GARNETS OF THE 
NUVVUAGITTUQ SUPRACRUSTAL BELT (QUÉBEC, CANADA) AND THE 
SUBTLE EFFECTS OF ANCIENT INHERITED ZIRCON INCLUSIONS ON 
SAMARIUM-NEODYMIUM AGES 
 
1.1 Abstract 
Garnet Sm-Nd geochronology from a well-characterized suite of amphibolites of 
the ca. 3800 Ma Nuvvuagittuq Supracrustal Belt (NSB) in northern Québec, Canada yield 
an age of 2574.66 ± 0.72 Ma (2σ). This age agrees with garnet-whole rock tie lines, as 
young as 2535 ± 45 Ma, reported by O’Neil et al. (2012) and a Lu-Hf whole rock age for 
garnet-bearing Ujaraaluk samples of 2537 ± 90 Ma (O'Neil et al., 2013). This younger 
age population of garnet-bearing samples implies that the documented Neoarchean 2800-
2600 Ma metamorphism (O'Neil et al., 2012) either continued past 2600 Ma, or occurred 
in several pulses that differentially affected the Inukjuak domain. The most recent of 
these metamorphic events reached pressure-temperature conditions that favored garnet 
formation.  εNd projections through this younger metamorphic age yields model ages for 
the host rock of 4.3 - 3.4 Ga. The high precision multi-point isochron for garnet from this 
poly-metamorphic terrane is possible via novel leaching/partial dissolution procedures 
which effectively remove ancient zircon micro-inclusions that would otherwise affect 
both the precision and accuracy of calculated Sm-Nd ages. This new cleaning procedure 
is recommended when dating garnet with much older inherited zircon inclusions. 
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1.2 Introduction 
Owing to its heavy rare earth element enrichment and strong tendency to 
fractionate Sm from Nd, garnet preserves high Sm/Nd values that boost its potential for 
high precision Sm-Nd geochronology. Complications arise, however, from the presence 
of small mineral inclusions that can severely alter an otherwise precise record of garnet 
growth. In response to this challenge, recent strides in partial dissolution techniques have 
been made which successfully cleanse garnet of such inclusions and greatly improve both 
the accuracy and precision of calculated ages (Amato et al., 1999; Anczkiewicz and 
Thirlwall, 2003; Baxter et al., 2002; Pollington and Baxter, 2011). This foundational 
work has focused on removing inclusions with high Nd concentrations and low Sm/Nd 
ratios (monazite is the most notorious) which tend to be more readily dissolved in strong 
acids (HF, HNO3, H2SO4) than the host garnet. In the absence of these inclusions, pure 
garnet generally has 
147
Sm/
144
Nd ratios well above 1.0 (e.g. Baxter and Scherer, 2013; 
Prince et al., 2000), which can lead to age precisions of less than 1 Myr. The potential for 
such precision in garnet Sm-Nd geochronology holds enormous promise in refining the 
nature and timing of metamorphism in the wide spectrum of terranes where garnet-
bearing rocks are present. 
In this study we applied an array of partial dissolution techniques to garnet 
collected from Ca-poor (cummingtonite) and hornblende amphibolites of the 
Nuvvuagittuq Supracrustal Belt (NSB). Garnet-rich samples from the NSB were 
previously dated by O’Neil et al. (2012), and garnet growth was constrained by seven 
garnet-whole rock tie lines yielding Neoarchean ages ranging from 2537 to 2735 Ma. 
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This significant age scatter and mostly low garnet 
147
Sm/
144
Nd values (between 0.2 and 
0.5; one at 1.6) is indicative of incomplete inclusion cleansing of recalcitrant mineral 
inclusions during the sample preparation process. Age determinations for the NSB 
garnets are interesting because they constrain the timing and extent of the most recent Nd 
mobilization of amphibolites documented to carry anomalously low 
142
Nd/
144
Nd values 
compared to Bulk Silicate Earth (BSE) (O'Neil et al., 2008); this signature is indicative of 
a primordial crustal source for the NSB (e.g. Roth et al., 2013) . 
Here, we describe our response to NSB garnet separates that were found to be 
plagued by foreign inclusions. Despite the fact that our first round of acid leaching 
treatments yielded much higher 
147
Sm/
144
Nd values (between 5.1 and 6.0) than those 
reported by O’Neil et al. (2011), the garnets were found to be contaminated by a 
population of minute older inherited zircons. Zircon from elsewhere in the NSB has been 
well documented; trondhjemitic gneisses and fuchsite-bearing quartzites associated with 
the amphibolites show zircon ages of 3750 Ma and 3780 Ma, respectively (Cates and 
Mojzsis, 2007; Cates et al., 2013). Unlike monazite and other low Sm/Nd inclusions that 
are commonly present in garnet, zircon can have high (>1.0) Sm/Nd ratios (Amelin, 
2004). As such, failure to remove inherited zircon inclusions can lead to erroneously old 
garnet ages. Despite the fact that zircon is a common inclusion phase in garnet of any 
age, due to the low Nd concentration and generally similar age to the host garnet, effects 
relating to zircon inclusions have not previously been regarded as a serious concern for 
Sm/Nd geochronology. This is in contrast to the large effect zircons have on Lu/Hf ages 
for rocks because Hf concentrations in zircon are high (e.g. Scherer et al., 2000; Guitreau 
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et al., 2013; O’Neil et al., 2013). Even a small amount of Sm and Nd contamination from 
zircon (or any phase with high Sm/Nd) can have a significant effect on the calculated 
garnet age if it has an extremely old age in comparison to the host garnet (e.g. Baxter & 
Scherer 2013). To mitigate against this effect, we developed new steps within the partial 
dissolution procedure to remove the effects of zircon micro-inclusions from the NSB 
garnets. The results of this work provide a more precise and accurate metamorphic garnet 
age that sheds new light on the metamorphic history of these important Eoarchean rocks, 
and is applicable to similarly ancient terranes with complex and protracted histories of 
poly-metamorphism (e.g. Itsaq Gneiss Complex, West Greenland; Acasta Gneisses, 
Canada). 
1.3 Geologic Setting 
The deformed and metamorphosed volcano-sedimentary rocks which compose the 
NSB are but one of a dozen-or-so such bodies that make up the Inukjuak Domain on the 
northeastern margin of the Superior Province in northern Québec (Cates and Mojzsis, 
2009; O'Neil et al., 2007). The NSB is an approximately 8 km
2
 supracrustal enclave that 
expresses an arcuate “synform” (O’Neil et al., 2007) surrounded by Paleoarchean felsic 
gneisses of the Voizel suite. Locally garnet-bearing Ca-poor (cummingtonite-rich) 
amphibolites previously referred to as “faux-amphibolite” (O'Neil et al., 2008; O'Neil et 
al., 2007), represent the dominant lithology in the belt. Lately, some authors have dubbed 
these rocks the “Ujaraaluk unit” (O'Neil et al., 2011); we prefer to use the petrogenetic 
term “cummingtonite-amphibolite” to describe this suite of rocks. This is done to contrast 
its mineralogy and composition against the more typical hornblende-rich amphibolites 
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present in Archean supracrustal metamorphic assemblages worldwide (see Cates et al., 
2013 and references therein).  
A summary of published age determinations for the NSB is provided in Figure 
1.1. These ages represent a very complex history. Within this history, six major geologic 
events have been identified to have affected the terrane. The first of these events is the 
initial formation of the volcano-sedimentary protoliths to the supracrustal succession: 
Cummingtonite and hornblende amphibolites and associated (intercalated) rocks of 
sedimentary origin such as fuchsitic quartzites, “conglomerates” and banded iron-
formations (Mloszewska et al., 2012a; Mloszewska et al., 2012b). Debate exists over the 
actual age of emplacement of these various supracrustal rocks. Specifically, some 
cummingtonite-amphibolites of the NSB were assigned a ca. 4400 Ma “age” calculated 
with the 
146
Sm-
142
Nd chronometer (O'Neil et al., 2012). As reviewed elsewhere (Guitreau 
et al., 2013; Roth et al., 2013) this interpretation is at odds with whole rock Lu-Hf and 
147
Sm-
143
Nd isochrons for the same rocks that are consistently ca. 3800 Ma, and agree 
with the U-Pb zircon data (Cates et al., 2013). O’Neil et al. (2012) also proposed that 
subsequent to the Hadean formation of the NSB, gabbroic sills were emplaced at 4115 ± 
100 Ma followed ~400 Myr later by intrusions of trondhjemitic dikes (Cates and Mojzsis, 
2007). An alternative explanation for the data of O’Neil et al. (2012) is that the bulk of 
the NSB was emplaced at ca. 3750-3780 Ma with variable inheritance of anomalous 
142
Nd/
144
Nd from a crustal source (reviewed in Guitreau et al., 2013). Another event to 
have affected the NSB is the ca. 3660 Ma igneous emplacement of the Central Tonalitic 
Gneiss (Cates and Mojzsis, 2009; Cates et al., 2013; O'Neil et al., 2013), followed by the 
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amalgamation of the ca. 3550 Ma Voizel suite tonalites-trondhjemites-granodiorite 
gneisses. A metamorphic overprint at about 3300 Ma is recorded by a small population of 
zircons (David et al., 2009; O'Neil et al., 2012). Finally, an extensive metamorphic event 
at ca. 2700 Ma has been documented that is associated with the emplacement of the 
widespread Boizard suite granites (Simard et al., 2003; Greer et al., in prep.) and also 
recorded by zircon rim overgrowth ages (Cates and Mojzsis, 2007; Cates and Mojzsis, 
2009; O'Neil et al., 2012; Simard et al., 2003), a monazite age of 2686 ± 4 Ma (David et 
al., 2009) and a range of garnet ages from 2537 to 2735 Ma (O'Neil et al., 2012). 
The principal goal in this work is to expand upon the previous garnet 
geochronology of O’Neil et al. (2012) with new sample preparation techniques that yield 
cleaner Sm-Nd data and thereby provide a more accurate constraint on when Nd isotopes 
were last mobilized and exchanged between metamorphic phases in the NSB. An 
improved understanding of recent metamorphic garnet ages is important in this context 
because the Nd model age calculations for a complex terrane such as the NSB depend on 
the time the 
147
Sm/
144
Nd of the system was last altered. 
1.4 Sample description and geochemical analysis 
Garnet-bearing sample IN08012, considered here, comes from the southwest 
corner of the cummingtonite-amphibolite unit near the Porpoise Cove locality on the 
eastern shore of Hudson Bay, and consists of 70% cummingtonite, 10% biotite, 10% 
garnet, 5% plagioclase, and 5% quartz. It belongs to the low Al2O3/TiO2 cummingtonite-
rich amphibolite unit “low Amc” of O’Neil et al. (2011). This sample was also analyzed 
by Roth et al. (2013), who reported a 
142
Nd deficit with respect to BSE of -8.6 ppm. 
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Garnets in this sample are 1-2 mm in diameter, and in thin section display inclusions of 
silicate minerals such as biotite, hornblende, and quartz as well as tiny ~10 m zircon 
grains (Figure 1.2). A traverse across a 3 mm diameter garnet was analyzed for major 
elements on a JEOL JXA-733 electron microprobe at the Massachusetts Institute of 
Technology. The spacing between points on this traverse was 150 μm and the 
measurements were made at 150 nA with a count time of 5 s. Average garnet 
compositions in weight percent were: 1.22% MnO, 1.85% CaO, 5.05% MgO and 32.72% 
FeO. All electron microprobe data is shown in Table 1.1. 
Cation profiles across a single 3 mm garnet from this sample are shown in Figure 
1.3a. The chemical and textural observations of these garnets show no indication of 
multi-stage growth; instead every indication is that these garnets grew in a single 
prograde metamorphic episode. The clearest evidence of this is the smooth decrease in 
MnO wt% from core to rim. The slight asymmetry and flatness near the center likely 
results from the thin section missing the exact chemical center of the garnet.  Figure 1.3b 
shows trace element zonation (Sm, Lu, Mn) from a different garnet crystal (from the 
same thin section) determined via laser ablation ICP-MS (methods similar to Stowell et 
al., 2014). It is evident that Sm and Lu also preserve growth zonation indicative of 
prograde metamorphic growth with little or no subsequent diffusive resetting of rare earth 
elements (REEs). The complex concentration patterns seen for Sm and Lu may be due to 
an evolving fluid composition during the garnet growth event, the breakdown or growth 
of REE-rich matrix phases (e.g. monazite; allanite), and/or varying length scales over 
which these elements can equilibrate during garnet growth (e.g. Moore et al., 2013). 
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Additionally, the garnets appear to be partially resorbed as their chemical centers do not 
always fall in their geometric centers. Although the garnets reported in O’Neil et al. 
(2012) come from a different location, our sample was collected within the same 
cummingtonite-amphibolite body that outcrops in a wide area of the NSB and preserves 
low 
142
Nd/
144
Nd values. 
1.5 Methods 
1.5.1 Sample pre-preparation 
To create a clean garnet separate in preparation for further steps, approximately 
40 g of sample was crushed to < 1 mm (18 mesh ) and then subdivided into 
homogeneous fractions of equal mass. A split of one of these was reserved as the whole 
rock point: IN08012-wr. Following crushing and hand-picking, the remaining sample was 
passed through a Franz magnetic separator such that ~¾ of the original mass was 
separated into garnet and matrix. The matrix material was set aside and the garnet 
separate was crushed in a tungsten carbide mortar and pestle to a grain size of 63-106 μm 
(140-230 mesh ). Garnet powder finer than 63 μm was set aside to become IN08012-gt 
pwd1. Next, the 63-106 μm garnet fractions were run through a Franz magnetic separator 
and handpicked under a microscope to acquire a visibly clean and pure garnet separate; 
this sample was split into five aliquots (IN08012-gt1 through IN08012-gt5). Another 
visibly clean garnet separate was prepared in the same manner as outlined above from a 
second mechanically divided piece of the hand sample to produce IN08012-mtx, 
IN08012-gt6, IN08012-gt7 and IN08012-gt pwd2. The two “garnet powder” samples are 
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used herein to represent the “dirty garnet” not cleaned by partial dissolution. As shown in 
Pollington and Baxter (2011) this “garnet powder” is extremely challenging to clean via 
partial dissolution methods. Although, not representative of pure garnet, it is interesting 
to see how this “dirty garnet” compares to the clean garnet separates that have gone 
through partial dissolution. 
1.5.2 Partial dissolution cleansing of inclusions from garnet 
Although the outcome of crushing, magnetic separating and hand-picking 
superficially appears to be composed of pure garnet, microscopic inclusions remain 
within the grain separates. It has been shown that the failure to remove such micro-
inclusions compromises both the precision and accuracy of measured garnet ages (Amato 
et al., 1999; Anczkiewicz and Thirlwall, 2003; Baxter and Scherer, 2013; Dewolf et al., 
1996; Pollington and Baxter, 2011; Scherer et al., 2000). To address this problem, we 
used partial dissolution procedures similar to Pollington and Baxter (2011) that cleanse 
the garnet of micro-inclusions and thereby achieve high Sm/Nd ratios that ultimately lead 
to better age precision and accuracy. We recognize that every garnet sample has a unique 
inclusion population and density, so in order to find the best partial dissolution recipe for 
these garnets, a variety of procedures were tested as described below. 
For the initial tests, 46 mg, 102 mg and 264 mg of 63-106 μm visibly clean garnet 
was cleaned in 2 mL 1.5N HCl and 1 mL concentrated HF at 120°C for 30 (IN08012-
gt1), 60 (IN08012-gt2) and 90 (IN08012-gt3) minutes. The procedure involved placing 
the samples in an ultrasonic bath for 5 minutes after every 10 minute interval on a 
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hotplate. At the end of the allotted time the leachates were decanted and the samples were 
rinsed and ultrasonicated twice in 1.5N HCl, and twice in ultrapure (Milli-Q) water. Next, 
a solution of 1 mL 1.5N HCl and 2 mL HClO4 was added to the garnet samples. The 
HClO4 is used to re-dissolve the secondary fluorides that form during HF dissolution. The 
samples were ultrasonicated for 5 minutes, heated to 150°C on a hotplate for 1 hour and 
then ultrasonicated for another 5 minutes. After, the beakers were uncapped, attached to 
Analab© elbow stills, and left at 150°C to dry for approximately 10 hours. Next, the 
elbows were removed from the beakers and the samples were rinsed and ultrasonicated 
twice in 1.5N HCl, and twice in Milli-Q water. Finally, 2 mL of 7N HNO3 was added to 
the remaining garnet and the samples were placed on a hotplate at 120°C for 3 hours, 
with 5 minutes in the ultrasonic bath after every 55 minute interval. After 3 hours, the 
leachates were decanted and the samples were again rinsed and ultrasonicated twice in 
1.5N HCl, and twice in Milli-Q water. After the final water rinse, the samples were dried 
and weighed. This procedure resulted in mass losses of 34% (gt1), 52% (gt2), and 59% 
(gt3). This garnet was not > 30% inclusions, meaning, in addition to the inclusions, a 
significant amount of clean garnet was lost during partial dissolution. Given the similar 
size and the 
+
3 charge of Sm and Nd, it is unlikely that any fractionation of Sm from Nd 
occurred during this leaching process. Previous studies have also operated under the 
assumption that fractionation of Sm from Nd during leaching does not affect the isotope 
systematics recorded by the garnet (e.g. Amato et al., 1999; Anczkiewicz and Thirlwall, 
2003; Pollington and Baxter, 2011; Smit et al., 2013). 
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Results from the first round of partial dissolution revealed surprising scatter from 
an isochron despite very high 
147
Sm/
144
Nd values likely reflecting remaining inclusion 
contamination from another high Sm/Nd contaminant phase. Thus, we further modified 
the partial dissolution technique by adding a nitro-hydrochloric acid (aqua regia) step. 
The remainder of the initial clean, hand-picked, garnet separate was split into IN08012-
gt4 (69 mg) and IN08012-gt5 (65 mg) aliquots. The aqua regia mixture used was 2 mL 
6N HCl and 500 μL concentrated HNO3. Both samples were cleaned in HF for 30 
minutes, but IN08012-gt4 went through an extra aqua regia step before the HF step, and 
IN08012-5 went through the aqua regia step after the HNO3 step previously described. 
Once in aqua regia, the samples were ultrasonicated for 5 minutes, heated to 120°C for 50 
minutes, and then ultrasonicated for another 5 minutes. The leachate was decanted and 
samples were rinsed and ultrasonicated twice in 1.5N HCl and twice in Milli-Q water. 
This procedure resulted in a sample loss of 35% for both separates. The pre-partial 
dissolution weights were 77 mg for IN08012-gt6 and 137 mg for IN08012-gt7 and were 
treated with HF for 45 and 60 minutes. The aqua regia step was done after the HNO3 step 
and these procedures resulted in mass loses 54% (IN08012-gt6), and 84% (IN08012-gt7). 
All partial dissolution recipes plus pre and post partial dissolution weights are 
summarized in Table 1.2. 
1.5.3 Full Dissolution and Column Chemistry 
After partial dissolutions, all samples (7 clean garnet separates, 2 garnet powders, 
1 matrix and 1 whole rock) were fully dissolved in 1 mL concentrated HF and 2 mL 1.5N 
HCl at 120°C. Once there was no more visible sample, the HF mixtures were dried and 
15 
 
 
 
the samples were dissolved in 2 mL concentrated HNO3 and 1 ml HCl at 120°C. When 
the samples were again fully dissolved they were dried and then redissolved in 4 mL 
1.5N HCl and 500 μL concentrated nitric. Sample IN08012-gt3 proved to be especially 
resistant to dissolution, so after failing to dissolve it with this method a high temperature 
pressure vessel was used. 
After full dissolution, each sample was treated with a mixed 
147
Sm-
150
Nd spike 
and passed through a three stage column procedure: an anion exchange column to remove 
Fe, a TRU-spec column to isolate the REEs, and a hydroxyisobutyric acid (MLA) column 
to isolate Nd and Sm (Harvey and Baxter, 2009). Procedural blanks were run in parallel 
with each group of 5-7 samples and the blank averages were 31 pg Nd and 7 pg Sm 
during the course of this work. These blanks are small enough that their effects are 
negligible. 
1.5.4 Mass spectrometry 
All mass spectrometry was performed on a Thermo-Finnigan TRITON in the 
Boston University TIMS Facility. The Nd was loaded with 2 μL of H3PO4 and Ta2O5 
activator slurry and collected in static mode with amplifier rotation as NdO
+
 (Harvey and 
Baxter, 2009). Using this method, repeat 4 ng analyses of our in-house Ames Nd standard 
solution run alongside all samples by a single user yielded a long-term mean 
143
Nd/
144
Nd 
= 0.5121294 ± 0.0000065 (13 ppm 2 RSD, n=35) over the time span of most of these 
analyses. Unfortunately, the final two analyses (IN08012-mtx and IN08012-gt pwd2) 
were run during a brief period where the values were altered due to “cup poisoning” 
16 
 
 
 
caused by calcium analysis on the same instrument. During this time period, repeat 4 ng 
analyses of our in-house Ames Nd standard yielded a long-term mean 
143
Nd/
144
Nd = 
0.5121370 ± 0.0000054 (10.71 ppm 2 RSD, n=12). As a result of this offset, a correction 
of -0.0000076 was applied to the 
143
Nd/
144
Nd values of IN08012-mtx and IN08012-gt 
pwd2. 
Furthermore, 8 analyses of 4 ng loads of JNdi run as NdO
+
 yielded a mean 
143
Nd/
144
Nd = 0.512083 ± 0.000011 (22 ppm 2 RSD, n=8) and 10 analyses of 4 ng loads 
of the La Jolla standard run as NdO
+
 yielded a mean 
143
Nd/
144
Nd = 0.5118285 ± 
0.0000034 (6.7 ppm 2 RSD, n=10). Both of these average values are lower (by 0.000032 
for JNdi and 0.000030 for La Jolla) than the accepted values of 0.512115 ± 0.000007 for 
JNdi (Tanaka et al., 2000) and 0.511858 ± 0.000007 for La Jolla (Lugmair and Carlson, 
1978). Due to this offset, which is partially caused by running as NdO+ instead of Nd 
metal (Harvey and Baxter, 2009), a correction of +0.000031 was applied to all 
143
Nd/
144
Nd values. The final corrected values are shown in Table 1.3. 
The 
143
Nd/
144
Nd error used for age calculations was either the internal run error (2 
SE) for that sample or the external error of ± 0.0000065 (2 SD), whichever was larger. 
The 
147
Sm/
144
Nd error used was 0.023% based on repeat analyses of a mixed gravimetric 
normal Sm-Nd solution (
147
Sm/
144
Nd = 0.15123 ± 0.00012, n=10; accurate within 
weighing errors of the gravimetric mix) spiked with our calibrated in house mixed 
147
Sm-
150
Nd spike and run through our full column chemical procedures.  
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1.6 Data and Age Interpretation 
All isotope data and a three point age (garnet + whole rock + matrix) for the seven 
crushed garnet preparations and for both garnet powders (garnet that was crushed to < 
106 μm and dissolved without any further treatment) are shown in Table 1.3. Individual 
three point (gt+wr+mtx) isochron ages, for each garnet separate range from 2574.3 ± 1.1 
Ma to 2738.2 ± 8.5 Ma and are shown in Table 1.4. Additional multi-point ages are 
shown in Table 1.5. 
Figure 1.4 shows all data plotted on a single isochron diagram. This apparent age 
scatter is similar to that reported by O’Neil et al. (2012) despite the fact that the garnet 
preparations in the present study yield much higher 
147
Sm/
144
Nd ratios (5.13-6.19 here vs. 
0.19 to 1.61 in O’Neil et al. (2012)). A multi-point errorchron age including all data 
yields 2644 ± 69 (n=11, MSWD=12779); the absurdly high MSWD underscores the fact 
that these different garnet preparations do not conform to a single isochron. This is 
vividly shown in Figure 1.4b where garnet data are referenced to this (ultimately 
meaningless) 2644 Ma multi-point “age”. 
Significant scatter of our seven garnet preparations (and their apparent ages) is 
surprising given that such high 
147
Sm/
144
Nd generally indicates a garnet has been well 
cleansed of its most problematic inclusions with low 
147
Sm/
144
Nd (Baxter and Scherer, 
2013). Low Sm/Nd inclusions have the tendency to drag garnet down along the isochron 
and only cause significant age inaccuracy at extreme levels of contamination (where 
garnet Sm/Nd << 1.0). Scatter about an isochron at such high 
147
Sm/
144
Nd values is 
unusual and likely indicates one of two things: that the garnet is not all of the same age 
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and each crushed garnet fraction is a different mix of garnet age populations (e.g. Kohn, 
2009; Pollington and Baxter, 2010; Skora et al., 2009), or, that there remains an effect of 
inherited inclusions with high 
147
Sm/
144
Nd. As noted previously, none of the textural or 
chemical observations of these garnets support multi-stage growth. Instead, the observed 
internal features of the garnet conforms well to a single prograde episode which may well 
have spanned a few to perhaps 10s of millions of years, but probably not the >150 Myrs 
that would be required to explain the apparent age scatter.. There are few phases besides 
garnet that have elevated Sm/Nd, and one of these phases is zircon. It is worth 
mentioning that Nd concentrations in zircon tend to be very low like garnet and thus, 
generally, zircons do not affect garnet Sm-Nd geochronology. Zircons, known to be 
present in the NSB garnets, may be as old as ca. 3800 Ma (the age of the oldest zircons 
thus far documented in this terrane; Cates et al., 2013). This potential for a billion year 
age difference between zircon and garnet could lead to significant detrimental effects on 
the precision of garnet Sm-Nd geochronology. This hypothesis is further explored below 
by considering the different garnet preparations.  
The first set of garnet samples (IN08012-gt1, IN08012-gt2, and IN08012-gt3) that 
did not go through an aqua regia cleaning step do not form an isochron. Instead, the 
garnet points are apparently pulled towards a higher (older) 
143
Nd/
144
Nd value consistent 
with contamination from an inherited high Sm/Nd reservoir. For these three garnet points, 
there is a correlation between the amount of time the samples were cleaned in HF and an 
increase in the apparent garnet age from 2683.3 ± 6.4 Ma (MSWD 11.3) for gt1 to 2694.7 
± 6.3 Ma (MSWD 13) for gt2 to 2738.2 ± 8.5 Ma (MSWD 22) for gt3. We hypothesize 
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that this relates to a progressive increase in the zircon/garnet mass ratio as garnet is 
dissolved away more easily than zircon. It is also noteworthy that these 3-point 
“isochrons” are far too imprecise for them to be considered true isochrons, and that the 
quality of the age determinations, shown by the increasing MSWD values, decrease with 
increasing age (Table 1.4). The significant age differences between these three points is 
highlighted on the Δζ isochron plot shown in Figure 1.4b. We view this result as further 
evidence that the garnet is contaminated by a phase not in equilibrium with the cleanest, 
youngest garnet and the whole rock/matrix. We further surmise that these samples were 
contaminated by Sm and Nd that leached out of the most accessible reservoirs in zircon 
(cracks, metamict zones) during full dissolution. Further evidence that zircon is the 
contaminant culprit comes from sample gt3 which was dissolved post partial dissolution 
using a pressure vessel. During this process, all remaining zircon was fully dissolved 
contributing the maximum contamination to the garnet this sample yields the oldest age 
of all (2738.2 ± 8.5 Ma MSWD=22). 
The second set of garnet samples (IN08012-gt4 and IN08012-gt5) that went 
through an aqua regia cleaning step form a 4-point isochron yielding an age of 2574.66 ± 
0.72 Ma (MSWD = 0.62). This meets the statistical requirements for a true isochron 
(sensu stricto; Wendt and Carl, 1991) and shows that the aqua regia was successful in 
removing (or at least significantly limiting) the contamination present in gt1, gt2, and gt3. 
Thus we conclude that gt4 and gt5 represent pure, clean garnet of uniform age. Our 
hypothesis is that the aqua regia leaches Sm and Nd from the most accessible reservoirs 
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within the zircons (fractures, metamict domains) during the cleaning steps before the full 
dissolution while still leaving behind more inert zircon. 
The third set of garnet samples (IN08012-gt6 and IN08012-gt7) come from a 
different round of crushing and handpicking. These were also treated with aqua regia, but 
perhaps due to longer cleaning times in HF (45 and 60 minutes, compared to 30 minutes 
for gt4 and 5) IN08012-gt6 and IN08012-gt7 yield older ages; this suggests they were not 
fully clean. This point is illustrated by the 4-point isochron composed of gt6, gt7, whole 
rock, and matrix that yields an age of 2647.5 ± 8.5 (MSWD 17). An MSWD of 17 does 
not pass the statistical test for a true isochron suggesting that some/all points included 
here do not represent a single growth age. We suggest that the longer cleaning times in 
HF had the effect of increasing the zircon/garnet ratio in the solid clean residue as zircon 
is even more resistant to dissolution in HF than garnet, whether or not aqua regia was 
used. Thus, there is a delicate balance between cleaning a garnet too much or too little in 
HF. Too little and low Sm/Nd phases are not sufficiently removed; too much and 
resistant zircon becomes concentrated in the residue and ultimately contributes more to 
the final dissolved garnet. In this regard, gt4 and gt5, which were cleaned in HF for only 
30 minutes, provide geochronologically meaningful results. We regard the 4-point 
isochron age of 2574.66 ± 0.72 Ma (MSWD = 0.62) to be the most accurate age for 
garnet growth in the cummingtonite-amphibolite unit of the NSB.  It is also the youngest 
age that can come from our data. 
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1.7 Significance to model age calculations for the NSB 
Several studies have used neodymium isotope analysis to establish constraints on 
the mantle extraction age of the Nuvvuagittuq rocks ((Guitreau et al., 2013; O'Neil et al., 
2012; Roth et al., 2013). Model age calculations rely upon a host of assumptions, one of 
which involves the age of most recent mobilization of Sm and Nd at which the measured 
147
Sm/
144
Nd ratio became locked in, and before which the 
147
Sm/
144
Nd might have been 
different. Igneous, metamorphic, and sedimentary processes at that time have the 
potential to alter the 
147
Sm/
144
Nd of the bulk rock subsequent to the time of its first 
extraction from the evolving mantle reservoir.  
Figure 1.5 recapitulates the ε143Nd vs. time isotopic evolution diagram for the 
NSB as presented in O’Neil et al. (2012; their Figure 14), with ε143Nd at the 2574.66 ± 
0.72 Ma garnet growth age for the whole rock from this study added.  We find that at 
2574.66 ± 0.72 Ma, the whole rock ε143Nd value is -3.97 ± 0.02 and plots within the 
“central gabbro” projection of O’Neil et al. (2012). The present day 147Sm/144Nd value for 
this whole rock is 0.1806, which projects to a TDM age of 4.3 Ga and is consistent with a 
Hadean origin as proposed by O’Neil et al. (2012). However, using this value assumes 
that there was no Sm-Nd fractionation during any metamorphic events that occurred 
between ca. 3800 Ma and the 2574.66 ± 0.72 Ma metamorphic event identified here. 
Following O’Neil et al. (2012), three additional evolution curves are shown for initial 
pre-metamorphic 
147
Sm/
144
Nd values of 0.15, 0.16, and 0.17; these correspond to younger 
TDM ages between 3.4 and 3.9 Ga. 
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1.8 Discussion 
This work reports the results of partial dissolution techniques on garnets that 
contain a population of ancient, inherited zircon micro-inclusions. Previous partial 
dissolution experiments effectively demonstrated that more aggressive leaching with HF 
leads to cleaner garnet, higher 
147
Sm/
144
Nd ratios, and better age precision and accuracy 
(Pollington and Baxter, 2011). In this study we found that with increasing leaching time 
in HF the 
147
Sm/
144
Nd value decreases, and the three point age (garnet + whole rock + 
matrix) increases. This pattern points to an old, HF-resistant population of micro-
inclusions with a relatively high 
147
Sm/
144
Nd ratio, the effects of which were not removed 
by the partial dissolution procedure. 
Along with cleansing the garnet of various micro-inclusions, HF will also dissolve 
some of the garnet itself. Fortunately, in most cases, garnet is much more refractory than 
the inclusions. When a more resistant mineral like zircon occurs as inclusions, however, 
an increased cleaning time in HF will have the detrimental result of a higher zircon to 
garnet ratio and a more pronounced effect on the garnet age by the contaminant zircon. 
This is evident in sample IN08012-gt3, which was treated in HF for 90 minutes and then 
further dissolved using a pressure vessel as this procedure ensured that any zircon 
contaminant was 100% dissolved within the analyzed garnet. 
Zircon inclusions in NSB garnets are small (1-50 μm in the long axis), but the 
consequence of their presence on the accuracy of the garnet age is significant because 
they are, potentially, so much older. Other included phases have low 
147
Sm/
144
Nd ratios 
very close to the 
147
Sm/
144
Nd ratios of the whole rock and matrix, so if some of these 
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inclusions are left behind after partial dissolution, their presence will pull the garnet point 
down the isochron towards the whole rock value. This reduces age precision, but will 
have an insignificant effect on the slope of the isochron as long as the garnet itself has 
sufficiently high Sm/Nd (above about 1.0; see Baxter and Scherer, 2013). Zircon, on the 
other hand, can have high 
147
Sm/
144
Nd ratios (above 1.0; Amelin, 2004), and 
consequently the presence of a small amount of inherited zircon in a cleansed garnet can 
pull the garnet point off the isochron towards the zircon value. This induces scatter at 
high Sm/Nd which can have a profound effect on the slope of the isochron, and hence the 
calculated garnet age. This particular effect is magnified in the NSB samples due to the 
potentially large (> 1 Ga) age difference between the associated zircon and the garnet. In 
an effort to eliminate the zircon contamination seen in IN08012-gt1, gt2, and gt3; 
IN08012-gt4 and gt3 were cleaned in HF for 30 minutes only and additionally cleaned in 
aqua regia. This modified procedure produced a younger garnet age and a robust four 
point isochron with an age of 2574.66 ± 0.72 Ma (MSWD=0.62). Figure 1.6 summarizes 
the partial dissolution recipes used here, the 
147
Sm/
144
Nd values measured, and the garnet 
ages calculated. 
Samples IN08012-gt6 and IN08012-gt7 were also treated with aqua regia, but 
were leached in HF for 45 and 60 minutes and come from a different starting garnet 
separate from the same hand sample. In this case, the four point age is 2647.5 ± 8.5 Ma 
with an MSWD of 17. This high MSWD means that this is not a true 4-point isochron. 
Our hypothesis is that IN08012-gt6 and gt7 produce older, more scattered ages because 
they were leached in HF longer that gt4 and gt5, and therefore the zircon signature has 
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contaminated (i.e. higher zircon/garnet mass ratio) these samples. Even though the aqua 
regia treatment did help to remove Sm and Nd from the most accessible zircon reservoirs 
(evidenced by younger ages as compared to garnet without aqua regia treatment), 
remaining zircon was concentrated in the final “clean” garnet by over-aggressive HF 
cleansing. Future work on garnets with very old inherited zircon inclusions ought to 
employ an aqua regia cleansing step to leach Sm and Nd from zircon’s most accessible 
reservoirs, and to limit the HF cleansing step to 30 minutes so as not to increase the 
zircon/garnet mass ratio in the final clean sample. Final full dissolution of cleansed garnet 
should be done using table top digestion with the minimum time in HF, and certainly 
should not be done in a pressure vessel where residual zircons will be fully dissolved and 
incorporated in to the analyzed garnet. In this way, the modified approach is similar to 
that often used for Lu-Hf garnet geochronology (e.g. Lagos et al., 2007). Although this 
recipe may vary for different garnets from different geologic environments, in this case 
cleaning the garnet for longer than 30 minutes in HF increases the zircon/garnet ratio to 
an unacceptable level and pulls the calculated garnet age towards the zircon age. This is 
shown in Figure 1.7.  
Figure 1.8 shows theoretical mixing curves between the pure, clean garnet with an 
age of 2574.66 Ma and three different hypothetical zircon populations with ages of 3.7 
Ga, 3.2 Ga and 2.7 Ga. Although the effects of zircon contamination have been removed 
from IN08012-gt3 and gt4, it is likely that these points still contain some low 
147
Sm/
144
Nd 
inclusions that do not have a significant effect on the calculated ages, but do cause the 
measured 
147
Sm/
144Nd values to be lower than the “pure garnet” value. For this reason a 
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147
Sm/
144
Nd value of 6.4 was used to represent the pure garnet end-member in these 
calculations. A corresponding 
143
Nd/
144
Nd value of 0.617800 was calculated such that 
this “clean garnet end-member” falls on the 2574.66 Ma isochron.  The mixing curves in 
Figure 1.8 show that if the zircon inclusions within the garnet are 3.7 Ga it is possible to 
produce all of the “contaminated garnet” data by mixing clean garnet with zircon that has 
147
Sm/
144
Nd values between 3.0 and 4.0 if the zircon contributed 10-20% of the total Nd 
measured. If the zircon inclusions are 3.2 Ga, the 
147
Sm/
144
Nd values must be between 3.0 
and 5.0 and the zircon must contribute 15-40% of the total Nd measured. If the zircon 
inclusions are 2.7 Ga the 
147
Sm/
144
Nd values must be ~6.0 and the zircon must contribute 
over 50% of the total Nd measured. No direct age or isotope data was collected from the 
zircon inclusions present in the garnet analyzed here. However, future work will attempt 
to analyze these zircons to determine which mixing relationships are possible in this case. 
While our favored hypothesis is that the old contaminant present in this 2575 Ma 
garnet is zircon, there is another possibility that should be discussed: the old contaminant 
could be older garnet that was overgrown by younger garnet during the 2574.66 ± 0.72 
Ma metamorphic event. While having older garnet present as cores or inclusions in the 
younger garnet could certainly manifest as scatter in the garnet ages at high Sm/Nd, it 
would not show the distinct correlations between older ages and increased cleaning time 
in HF, including use of the pressure vessel. The significantly older age and lower 
147
Sm/
144
Nd values for IN08012-gt3 than for gt1 and gt2 is strong evidence of this. If the 
contaminant was simply older garnet, using a bomb to dissolve the sample would not 
have produced such a significant change compared to the other two garnet preparations. 
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Furthermore, nothing from the chemical zonation, or textural observations of garnet in 
thin section support multi-stage garnet growth. While this could be further explored, the 
evidence most strongly suggests that inherited zircon creates the age effects we have 
observed. 
1.9 Conclusions 
A powerful means to probe the nature and extent of early Earth metamorphic 
events is to enhance our ability to date garnet in complex poly-metamorphosed 
Proterozoic to Archean age rocks accurately and precisely. We have developed a 
modified partial dissolution procedure in response to garnets from the Eoarchean 
Nuvvuagittuq supracrustal belt that host much older inherited zircon inclusions. This new 
method permits us to calculate accurate and precise garnet ages uncontaminated by such 
highly acid-resistant inclusions. A 4-point 
147
Sm-
143
Nd isochron garnet age of 2574.66 ± 
0.72 (MSWD 0.62) for garnet from the NSB cummingtonite-amphibolite is the most 
precise Neoarchean age reported for this terrane. We interpret this result to mean that 
either peak metamorphism extended to younger ages than previously determined based 
on the zircon record (Cates and Mojzsis, 2009; O'Neil et al., 2012), or there was a 
younger, short-lived metamorphic event in the Neoarchean-Paleoproterozoic interval that 
did not result in zircon growth. A “mantle extraction model age” for the cummingtonite 
amphibolite is calculated to be 4.3 Ga if it is assumed that no metamorphic fractionation 
of whole rock Sm/Nd took place. This age is similar to the TDM ages reported by O’Neil 
et al. (2012). If any fractionation had occurred (see Roth et al., 2013), a TDM as young as 
3.4 Ga results. The new 63-106 μm garnet grain size and 30 minutes HF then HClO4 then 
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7N HNO3 then aqua regia (2 mL 6N HCl + 500 μL HNO3) partial dissolution procedure 
used here has wide applicability to garnets with ancient inherited zircon inclusions from a 
variety of metamorphic terranes. 
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Table 1.1: Major element data (in wt%) for sample IN08012.                                                                   
Measured on the JEOL JXA-733 EMP at MIT. 
Spot Analyses 
   
CaO    
   
Al2O3  
   
K2O    
   
MnO    
   
Na2O   
   
TiO2   
   
SiO2   
   
FeO    
   
MgO    
  
total   mineral 
0 17.96 8.07 0.003 0.257 1.40 37.20 16.10 13.77 94.8 bio 
0.016 16.02 7.11 0.071 0.026 1.62 33.78 20.68 13.57 93.0 bio 
0.003 33.79 10.34 0.013 0.101 0.031 47.47 3.17 0.467 95.4 amp 
0.005 17.56 7.93 0.076 0.103 1.56 35.68 19.15 13.38 95.5 bio 
0.012 19.26 0.303 0.095 0.024 0.087 27.73 24.99 17.80 90.4 chl 
1.86 22.17 0.025 0.726 0.048 0.093 37.67 35.05 4.91 102.7 grt 
1.76 22.64 0.039 0.774 0.133 0.065 38.28 33.27 5.84 102.9 grt 
0.220 7.44 0 0.129 0.541 0.104 49.99 24.43 16.42 99.3 amp 
0.346 8.28 0 0.117 0.612 0.174 49.52 23.87 16.13 99.1 amp 
0.327 8.39 0 0.144 0.629 0.100 48.72 24.03 16.25 98.6 amp 
1.95 22.49 0.006 0.744 0 0.031 36.32 34.02 5.09 100.7 grt 
1.81 22.34 0 0.905 0 0.008 36.88 33.13 5.90 101.1 grt 
0 17.28 7.19 0.066 0 0.927 34.58 21.06 13.56 94.7 bio 
0 17.8 7.72 0.047 0.038 0.777 35.49 19.21 13.67 94.8 bio 
0.111 19.73 0.039 0.095 0.149 0 28.43 24.29 17.61 90.5 chl 
0.322 2.17 0 0.117 0.091 0.047 53.58 24.64 18.16 99.2 amp 
0 8.60 0.443 0.003 0 0.065 65.44 13.08 8.70 96.3 amp 
0 17.58 0.122 0.083 0.007 0 28.22 25.06 18.27 89.4 amp 
Garnet Traverse 
1.88 22.29 0.009 1.15 0.051 0.023 37.64 34.66 3.78 101.5 grt 
1.87 22.31 0.004 1.11 0.028 0.010 37.45 34.32 4.00 101.1 grt 
1.89 22.36 0.003 1.07 0.034 0.003 37.57 34.12 4.15 101.2 grt 
1.86 22.03 0 1.01 0.066 0.009 36.92 33.67 4.75 100.3 grt 
1.92 22.16 0 1.02 0.042 0 37.38 33.75 4.36 100.7 grt 
1.94 22.22 0 1.03 0.044 0.005 37.48 33.74 4.44 100.9 grt 
1.92 22.20 0.006 1.03 0.046 0.007 37.40 33.68 4.53 100.9 grt 
1.95 22.38 0.003 0.98 0 0.006 37.65 33.28 4.65 100.9 grt 
1.97 22.24 0 0.98 0 0 37.61 33.40 4.77 101.0 grt 
1.97 22.46 0 0.97 0 0 37.82 33.23 4.77 101.2 grt 
1.92 22.40 0.002 0.96 0 0.0 37.81 33.30 4.79 101.2 grt 
1.94 22.45 0 0.96 0 0.011 37.81 33.19 4.84 101.2 grt 
1.97 22.49 0 0.98 0 0 37.80 33.19 4.80 101.2 grt 
1.94 22.46 0 0.97 0 0 37.73 33.05 4.86 101.0 grt 
1.93 22.42 0 0.99 0 0.010 37.57 33.06 4.87 100.9 grt 
1.92 22.41 0 0.99 0 0 37.57 32.95 4.95 100.8 grt 
1.91 22.43 0 0.98 0 0 37.67 32.77 4.96 100.7 grt 
1.95 22.36 0 1.02 0.004 0.001 37.69 32.93 5.03 101.0 grt 
1.93 22.34 0.002 1.01 0 0 37.73 32.86 5.00 100.9 grt 
1.92 22.33 0 1.03 0.006 0.002 37.69 32.82 5.07 100.9 grt 
1.95 22.29 0 1.00 0.001 0.018 37.57 32.83 5.15 100.8 grt 
1.96 22.48 0 1.09 0 0.005 37.98 32.73 5.09 101.4 grt 
1.96 22.37 0 1.06 0.004 0.001 37.90 32.71 5.06 101.1 grt 
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1.95 22.44 0 1.04 0.001 0.034 37.97 32.76 5.11 101.3 grt 
1.95 22.41 0 1.07 0 0.019 37.81 32.71 5.14 101.1 grt 
1.92 22.41 0 1.06 0.005 0 37.66 32.60 5.21 100.9 grt 
1.91 22.46 0.002 1.06 0 0.007 37.73 32.85 5.07 101.1 grt 
1.93 22.33 0 1.08 0 0.006 37.74 32.64 5.18 100.9 grt 
1.91 22.25 0.002 1.08 0.006 0.026 37.72 32.81 5.19 101.0 grt 
1.92 22.41 0 1.08 0 0.019 37.84 32.70 5.14 101.1 grt 
1.92 22.38 0.007 1.08 0 0.013 37.82 32.59 5.16 101.0 grt 
1.90 22.27 0 1.07 0.004 0.014 37.62 32.73 5.18 100.8 grt 
1.92 22.40 0.004 1.08 0.012 0.004 37.73 32.63 5.12 100.9 grt 
1.90 22.39 0.010 1.11 0 0.013 37.65 32.62 5.15 100.8 grt 
1.88 22.31 0.002 1.13 0 0.014 37.77 32.54 5.17 100.8 grt 
1.91 22.32 0.002 1.10 0 0.013 37.73 32.59 5.19 100.9 grt 
1.90 22.40 0.001 1.13 0 0.012 37.84 32.65 5.17 101.1 grt 
1.92 22.42 0.004 1.13 0 0.010 37.91 32.68 5.12 101.2 grt 
1.89 22.42 0.001 1.14 0 0.016 37.80 32.64 5.13 101.0 grt 
1.89 22.50 0 1.12 0 0.015 37.85 32.52 5.08 101.0 grt 
1.89 22.45 0.003 1.15 0 0.001 37.73 32.47 5.15 100.8 grt 
1.86 22.39 0.011 1.14 0 0 37.78 32.54 5.11 100.8 grt 
1.88 22.26 0 1.15 0 0 37.68 32.79 5.01 100.8 grt 
1.89 22.38 0 1.18 0 0 37.65 32.74 5.07 100.9 grt 
1.85 22.47 0 1.15 0 0.013 37.80 32.69 5.07 101.1 grt 
1.88 22.38 0 1.18 0 0.002 37.53 32.66 5.06 100.7 grt 
1.88 22.40 0 1.18 0 0.007 37.67 32.59 5.06 100.8 grt 
1.87 22.35 0.004 1.15 0 0.012 37.66 32.69 5.07 100.8 grt 
1.87 22.30 0.002 1.18 0 0.008 37.65 32.68 5.09 100.8 grt 
1.88 22.34 0 1.17 0.002 0.016 37.69 32.76 5.07 101.0 grt 
1.87 22.33 0 1.17 0.010 0.001 37.61 32.59 5.08 100.7 grt 
1.90 22.38 0.002 1.22 0 0 37.58 32.58 5.06 100.7 grt 
1.82 22.27 0.003 1.17 0.011 0.003 37.63 32.61 5.16 100.7 grt 
1.80 22.28 0 1.17 0.015 0 37.68 32.51 5.20 100.7 grt 
1.83 22.28 0.001 1.16 0.014 0.009 37.70 32.44 5.16 100.6 grt 
1.79 22.19 0 1.16 0.011 0.010 37.75 32.49 5.12 100.5 grt 
1.84 22.23 0 1.20 0 0 37.70 32.41 5.19 100.6 grt 
1.84 22.20 0 1.20 0.020 0 37.86 32.44 5.18 100.8 grt 
1.81 22.24 0 1.15 0 0 37.87 32.50 5.14 100.7 grt 
1.82 22.33 0 1.17 0.016 0.002 37.79 32.31 5.12 100.6 grt 
1.80 22.27 0.005 1.19 0.015 0.009 37.85 32.40 5.15 100.7 grt 
1.82 22.17 0 1.18 0.017 0.012 37.75 32.49 5.12 100.6 grt 
1.87 22.22 0 1.20 0.004 0.005 37.81 32.84 5.16 101.1 grt 
1.89 22.40 0.002 1.22 0 0.005 37.93 32.82 5.10 101.4 grt 
1.88 22.22 0 1.24 0 0 37.80 32.60 5.14 100.9 grt 
1.89 22.26 0 1.22 0 0.001 37.80 32.64 5.18 101.0 grt 
1.88 22.22 0 1.25 0.009 0 37.82 32.69 5.13 101.0 grt 
1.87 22.22 0 1.24 0 0.012 37.74 32.51 5.17 100.8 grt 
1.88 22.23 0 1.27 0 0 37.73 32.66 5.09 100.9 grt 
1.86 22.23 0 1.25 0 0.006 37.76 32.78 5.09 101.0 grt 
1.89 22.33 0.002 1.24 0.003 0 37.79 32.73 5.12 101.1 grt 
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1.88 22.27 0 1.28 0 0.007 37.51 32.67 5.10 100.7 grt 
1.89 22.30 0.002 1.26 0.009 0.008 37.62 32.62 5.12 100.8 grt 
1.91 22.27 0 1.27 0 0.012 37.54 32.68 5.14 100.8 grt 
1.88 22.26 0 1.29 0 0.006 37.65 32.56 5.16 100.8 grt 
1.89 22.36 0 1.25 0 0.003 37.55 32.78 5.12 101.0 grt 
1.87 22.33 0.002 1.25 0.005 0.006 37.53 32.69 5.15 100.8 grt 
1.88 22.19 0.002 1.30 0.009 0.001 37.51 32.57 5.18 100.6 grt 
1.85 22.51 0 1.28 0 0.010 37.85 32.62 5.06 101.2 grt 
1.88 22.35 0 1.30 0.004 0.007 37.65 32.72 5.11 101.0 grt 
1.85 22.30 0 1.30 0.010 0 37.60 32.77 5.07 100.9 grt 
1.82 22.18 0 1.28 0.003 0 37.59 32.63 5.09 100.6 grt 
1.83 22.26 0.002 1.30 0.027 0.010 37.59 32.56 5.10 100.7 grt 
1.83 22.19 0.001 1.29 0 0.007 37.53 32.47 5.09 100.4 grt 
1.87 22.22 0.002 1.29 0.011 0.012 37.52 32.58 5.10 100.6 grt 
1.84 22.15 0 1.27 0.010 0 37.61 32.48 5.12 100.5 grt 
1.82 22.07 0 1.26 0.002 0 37.37 32.61 5.10 100.2 grt 
1.79 21.96 0 1.26 0.002 0 37.12 32.61 5.15 99.9 grt 
1.82 22.00 0 1.29 0.016 0 37.19 32.68 5.16 100.2 grt 
1.81 22.70 0.003 1.28 0 0.003 38.39 32.56 4.95 101.7 grt 
1.81 22.50 0 1.31 0.002 0 38.07 32.52 5.03 101.2 grt 
1.82 22.42 0.001 1.32 0 0 38.04 32.53 5.00 101.1 grt 
1.83 22.33 0 1.29 0 0 37.92 32.59 5.10 101.1 grt 
1.83 22.31 0 1.33 0.002 0 38.07 32.54 5.02 101.1 grt 
1.80 22.39 0 1.29 0 0.002 37.81 32.61 5.05 101.0 grt 
1.82 22.27 0 1.32 0.018 0 37.81 32.48 5.05 100.8 grt 
1.79 22.26 0 1.33 0 0 37.84 32.54 5.03 100.8 grt 
1.80 22.19 0 1.31 0 0.008 37.82 32.63 5.11 100.9 grt 
1.81 22.20 0 1.32 0 0.008 37.77 32.55 5.11 100.8 grt 
1.82 22.30 0.002 1.30 0 0 37.81 32.52 5.06 100.8 grt 
1.81 22.37 0 1.33 0 0 37.85 32.59 5.08 101.0 grt 
1.86 22.38 0 1.29 0 0.011 37.69 32.53 5.05 100.8 grt 
1.81 22.23 0 1.33 0.010 0 37.69 32.52 5.06 100.7 grt 
1.83 22.26 0 1.32 0.003 0 37.74 32.61 5.10 100.9 grt 
1.85 22.21 0.003 1.32 0.032 0.003 37.64 32.47 5.06 100.6 grt 
1.85 22.27 0 1.31 0 0 37.70 32.51 5.06 100.7 grt 
1.82 22.30 0.005 1.33 0.006 0.011 37.49 32.44 5.07 100.5 grt 
1.84 22.49 0.003 1.34 0 0 37.87 32.47 5.03 101.1 grt 
1.86 22.31 0 1.32 0.011 0.008 37.71 32.54 5.02 100.8 grt 
1.82 22.32 0 1.33 0.007 0.002 37.65 32.65 5.10 100.9 grt 
1.81 22.30 0 1.29 0 0 37.69 32.65 5.09 100.8 grt 
1.80 22.34 0 1.30 0.013 0.003 37.66 32.77 5.10 101.0 grt 
1.82 22.24 0 1.35 0.014 0 37.57 32.65 5.12 100.8 grt 
1.80 22.23 0 1.34 0 0 37.55 32.62 5.15 100.7 grt 
1.82 22.25 0 1.33 0 0.005 37.65 32.63 5.12 100.8 grt 
1.79 22.24 0 1.33 0.005 0 37.59 32.64 5.16 100.8 grt 
1.78 22.18 0.002 1.34 0.003 0.007 37.65 32.72 5.14 100.8 grt 
1.81 22.39 0 1.33 0.010 0 37.77 32.66 5.08 101.1 grt 
1.79 22.30 0.002 1.29 0.006 0 37.61 32.66 5.08 100.7 grt 
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1.81 22.19 0 1.32 0.001 0.002 37.67 32.83 5.08 100.9 grt 
1.83 22.25 0.003 1.35 0 0.001 37.59 32.67 5.15 100.8 grt 
1.82 22.22 0 1.34 0 0 37.59 32.70 5.15 100.9 grt 
1.82 22.21 0.003 1.32 0.001 0 37.57 32.61 5.12 100.7 grt 
1.82 22.19 0 1.31 0 0 37.54 32.73 5.13 100.7 grt 
1.78 22.30 0.001 1.31 0 0 37.51 32.68 5.13 100.7 grt 
1.80 22.24 0.003 1.30 0 0 37.69 32.68 5.15 100.9 grt 
1.81 22.12 0.004 1.29 0.003 0 37.61 32.59 5.14 100.6 grt 
1.76 22.23 0.013 1.34 0 0.005 37.47 32.57 5.17 100.6 grt 
1.77 22.21 0.007 1.30 0.019 0 37.60 32.60 5.12 100.7 grt 
1.78 22.46 0.002 1.31 0.004 0.007 37.98 32.78 5.04 101.4 grt 
1.80 22.54 0 1.32 0.001 0 37.98 32.62 5.03 101.3 grt 
1.80 22.45 0 1.32 0.002 0.001 37.91 32.65 5.07 101.2 grt 
1.83 22.36 0.003 1.35 0.006 0 37.97 32.72 5.09 101.4 grt 
1.77 22.37 0.001 1.33 0.004 0 37.83 32.71 5.10 101.2 grt 
1.78 22.32 0.005 1.34 0 0 37.63 32.68 5.04 100.8 grt 
1.80 22.29 0 1.34 0.004 0 37.81 32.72 5.02 101.0 grt 
1.78 22.42 0.001 1.34 0 0 37.76 32.87 5.09 101.3 grt 
1.79 22.17 0 1.34 0 0 37.83 32.65 5.09 100.9 grt 
1.81 22.28 0 1.35 0.018 0 37.67 32.67 5.07 100.9 grt 
1.80 22.38 0 1.31 0.009 0 37.84 32.79 5.07 101.2 grt 
1.79 22.46 0 1.32 0 0 37.71 32.69 5.03 101.0 grt 
1.82 22.44 0 1.34 0.005 0.001 37.85 32.66 5.03 101.2 grt 
1.81 22.27 0 1.37 0 0 37.77 32.72 5.08 101.0 grt 
1.79 22.43 0 1.35 0 0 37.62 32.71 5.08 101.0 grt 
1.78 22.32 0 1.34 0 0 37.57 32.80 5.11 100.9 grt 
1.82 22.31 0 1.35 0 0 37.67 32.64 5.10 100.9 grt 
1.79 22.30 0 1.34 0 0 37.59 32.63 5.12 100.8 grt 
1.83 22.34 0 1.38 0 0.001 37.60 32.62 5.09 100.9 grt 
1.81 22.31 0.002 1.32 0 0 37.69 32.65 5.09 100.9 grt 
1.80 22.29 0 1.34 0 0.003 37.68 32.67 5.07 100.9 grt 
1.77 22.31 0 1.33 0 0 37.60 32.82 5.10 100.9 grt 
1.80 22.34 0 1.36 0 0 37.58 32.48 5.08 100.6 grt 
1.81 22.36 0 1.31 0 0 37.69 32.74 5.17 101.1 grt 
1.82 22.24 0 1.31 0 0 37.50 32.44 4.95 100.3 grt 
1.80 22.31 0 1.33 0 0 37.46 32.53 4.98 100.4 grt 
1.84 22.31 0 1.35 0 0.012 37.65 32.51 4.96 100.7 grt 
1.81 22.22 0.002 1.33 0 0 37.49 32.52 5.00 100.4 grt 
1.80 22.38 0 1.33 0 0 37.58 32.58 4.99 100.7 grt 
1.82 22.25 0 1.31 0 0 37.49 32.48 4.97 100.3 grt 
1.82 22.24 0 1.30 0 0 37.69 32.61 4.97 100.7 grt 
1.83 22.21 0 1.32 0 0.001 37.51 32.47 5.00 100.4 grt 
1.81 22.32 0.002 1.33 0 0.018 37.55 32.49 4.98 100.5 grt 
1.80 22.27 0 1.32 0 0.006 37.42 32.68 5.05 100.6 grt 
1.84 22.19 0.003 1.35 0 0.003 37.46 32.61 5.18 100.6 grt 
1.85 22.41 0.001 1.30 0 0.012 37.84 32.59 5.00 101.0 grt 
1.85 22.33 0 1.29 0 0.001 37.76 32.69 5.12 101.0 grt 
1.84 22.23 0 1.30 0 0 37.57 32.65 5.15 100.8 grt 
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1.86 22.25 0 1.33 0.002 0 37.63 32.58 5.17 100.8 grt 
1.84 22.16 0 1.30 0 0 37.62 32.60 5.13 100.7 grt 
1.83 22.25 0 1.30 0 0 37.69 32.45 5.14 100.7 grt 
1.83 22.23 0 1.28 0 0.001 37.52 32.80 5.15 100.8 grt 
1.84 22.37 0.004 1.29 0 0.005 37.74 32.56 5.13 100.9 grt 
1.85 22.24 0 1.30 0 0 37.69 32.54 5.16 100.8 grt 
1.83 22.17 0 1.28 0.008 0 37.42 32.40 5.11 100.2 grt 
1.89 22.30 0 1.31 0.001 0.009 37.69 32.51 5.14 100.9 grt 
1.84 22.13 0 1.29 0.006 0 37.53 32.57 5.15 100.5 grt 
1.84 22.21 0.001 1.28 0.011 0.015 37.59 32.48 5.14 100.6 grt 
1.86 22.17 0 1.27 0 0.014 37.51 32.56 5.15 100.5 grt 
1.88 22.18 0 1.28 0.012 0.003 37.60 32.56 5.18 100.7 grt 
1.84 22.18 0 1.30 0 0.011 37.66 32.46 5.15 100.6 grt 
1.84 22.13 0 1.24 0.005 0 37.56 32.43 5.16 100.4 grt 
1.83 22.32 0 1.27 0.009 0 37.67 32.42 5.13 100.7 grt 
1.88 22.17 0 1.25 0.016 0.002 37.35 32.50 5.20 100.4 grt 
1.84 22.54 0.012 1.22 0.006 0.017 37.96 32.61 5.17 101.4 grt 
1.88 22.09 0 1.24 0.014 0.007 37.11 32.44 5.23 100.0 grt 
1.88 22.83 0.014 1.18 0 0.012 38.49 32.44 4.96 101.8 grt 
1.88 22.17 0 1.18 0.006 0.021 37.46 32.61 5.16 100.5 grt 
1.86 22.16 0.001 1.17 0 0.020 37.20 32.54 5.18 100.2 grt 
1.87 22.11 0.001 1.18 0.009 0.003 37.25 32.52 5.18 100.2 grt 
1.87 22.09 0 1.19 0.004 0.015 37.34 32.72 5.24 100.5 grt 
1.86 22.00 0.002 1.16 0.012 0.003 37.18 32.56 5.20 100.0 grt 
1.84 22.05 0.009 1.16 0 0 37.53 32.54 5.05 100.2 grt 
1.82 22.26 0.006 1.14 0 0 37.82 32.59 5.00 100.6 grt 
1.82 22.27 0.003 1.16 0 0 37.73 32.60 5.07 100.7 grt 
1.84 22.24 0.009 1.11 0 0 37.66 32.72 5.09 100.7 grt 
1.84 22.01 0.003 1.16 0 0 37.51 32.71 5.07 100.3 grt 
1.85 22.01 0.005 1.12 0 0 37.35 32.73 5.12 100.2 grt 
1.84 22.09 0.011 1.10 0 0.006 37.35 32.69 5.10 100.2 grt 
1.81 22.00 0.011 1.08 0 0 37.26 32.73 5.14 100.0 grt 
1.84 22.01 0.006 1.10 0 0.009 37.29 32.86 5.09 100.2 grt 
1.91 21.70 0.005 1.06 0.006 0.003 37.07 32.63 5.21 99.6 grt 
1.93 21.93 0.010 1.07 0 0.003 37.41 32.81 5.12 100.3 grt 
1.93 22.37 0.003 1.02 0.007 0.008 37.98 33.41 4.80 101.5 grt 
1.95 22.23 0.003 1.02 0 0.008 37.85 33.34 4.80 101.2 grt 
1.95 22.16 0.007 1.01 0 0 37.72 33.46 4.78 101.1 grt 
1.94 22.18 0.007 1.04 0 0.012 37.73 33.70 4.59 101.2 grt 
1.95 22.24 0.010 1.04 0.015 0 37.90 33.76 4.42 101.4 grt 
1.91 21.94 0.010 1.08 0.008 0.010 36.93 34.41 4.11 100.4 grt 
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Table 1.2: Partial dissolution recipes and weights 
sample PD recipe 
pre-PD weight 
(mg) 
post-PD 
weight (mg) 
% 
sample 
loss 
     
IN08012-gt1 30HF no AR 46.20 30.69 34 
IN08012-gt2 60HF no AR 102.2 48.98 52 
IN08012-gt3 90HF no AR 264.5 107.8 59 
IN08012-gt4 30HF + AR before 69.15 45.09 35 
IN08012-gt5 30HF + AR after 65.26 42.37 35 
IN08012-gt6 45HF + AR after 77.35 35.87 54 
IN08012-gt7 60HF + AR after 137.3 22.07 84 
     abbreviations: PD = partial dissolution, HF = hydrofluoric acid 
                        AR = aqua regia 
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Table 1.3: Sm-Nd isotopic data for sample IN08012 
  
sample 
Sm 
ppm 
Nd 
ppm 
ng Sm 
loaded 
ng Nd 
loaded 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) 
        
IN08012-gt1 1.31 0.132 38.9 3.93 5.996 0.615129 0.000016 
IN08012-gt2 1.23 0.125 58.9 5.98 5.962 0.6149664 0.0000089 
IN08012-gt3 0.616 0.0726 42.3 4.99 5.130 0.601619 0.000011 
IN08012-gt4 0.727 0.0726 32.8 3.28 6.055 0.611922 0.000028 
IN08012-gt5 0.860 0.0853 36.4 3.61 6.096 0.612598 0.000038 
IN08012-gt6 0.899 0.0895 32.3 3.21 6.080 0.615286 0.000030 
IN08012-gt7 1.01 0.0984 22.2 2.17 6.185 0.616972 0.000045 
IN08012-gt 
pwd1 
2.26 3.64 14.3 23.0 0.3757 0.5154913 0.0000073 
IN08012-gt 
pwd2 
3.48 8.81 35.6 89.9 0.2393 0.5132203 0.0000087 
IN08012-wr 2.02 6.76 19.5 65.3 0.1806 0.5121666 0.0000054 
IN08012-mtx 2.99 11.1 26.0 96.0 0.1635 0.5118801 0.0000062 
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Table 1.4: 3-point (gt+wr+mtx) isochron ages 
 
sample age (Ma) ± (Myr) MSWD 
    
IN08012-gt1 2683.3 6.4 11.3 
IN08012-gt2 2694.7 6.3 13 
IN08012-gt3 2738.2 8.5 22 
IN08012-gt4 2574.92 0.92 0.49 
IN08012-gt5 2574.3 1.1 0.47 
IN08012-gt6 2649.6 7.0 6.4 
IN08012-gt7 2645.5 8.6 5.9 
IN08012-gt pwd1 2582.1 6.3 0.77 
IN08012-gt pwd2 2693 420 13 
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Table 1.5: All multi-point isochron ages for IN08012 discussed here 
samples age ± MSWD points 
     
gt4+gt5+wr+matrix 2574.66 0.72 0.62 4 
gt4+gt5+wr+mtrix+pwd1 2574.69 0.72 2.3 5 
gt6+gt7+wr+matrix 2647.5 8.5 17 4 
gt6+gt7+wr+matrix+pwd2 2647.4 4.8 18 5 
gt1+gt2+gt3+wr+matrix 2700 64 4243 5 
gt1+gt2+wr+matrix 2689 25 264 4 
everything 2644 69 12771 11 
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Figure 1.1: All published age interpretations (ordered from youngest to oldest) from the 
NSB (Cates and Mojzsis, 2007; Cates and Mojzsis, 2009; Cates et al., 2013; David et al., 
2002; David et al., 2009; Guitreau et al., 2013; O'Neil et al., 2007; O'Neil et al., 2008; 
O'Neil et al., 2011; O'Neil et al., 2012; O’Neil et al., 2013; Roth et al., 2013; Simard et 
al., 2003). If error bars are not shown, the error is smaller than the symbol. 
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Figure 1.2: Example of a zircon micro-inclusion within a garnet crystal. 
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Figure 1.3: a) Rim to rim cation profiles from a single 3 mm garnet. b) Mn, Sm, and Lu 
concentration maps from a different garnet. 
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Figure 1.4: Isochron plots for all 7 garnet points analyzed here. All error bars are smaller 
than the symbols shown. a) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd isochron plot. Lines shown are 
best fit lines between the whole rock and matrix points plus (gt1, gt2, and gt3), (gt4 and 
gt5), and (gt6 and gt7). b) Normalized isochron plot setting the 11 point isochron age of 
2644 Ma (MSWD=12771) calculated from all points as the reference isochron. y-axis is 
deviation of each 
143
Nd/
144
Nd data point from the reference isochron age (in parts per 
10
5
). 
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Figure 1.5: Modified from O’Neil et al., 2012 Figure 14. Isotopic evolution lines for 
147
Sm/
144
Nd values of 0.18 (measured whole rock value), 0.17, 0.16 and 0.15 are 
projected back from the ε143Nd whole rock value of -3.97 calculated in this study. 
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Figure 1.6: 
147
Sm/
144
Nd values (a) and 3-point isochron ages (b) vs. minutes of cleaning 
time in HF. Partial dissolution with HF is necessary to cleanse the garnet of the less 
refractory inclusions, but too long in HF (in this case >30 minutes) increases the zircon to 
garnet ratio, resulting in falsely old garnet ages. 
a 
b 
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Figure 1.7: Normalized isochron plot, setting the 2574.66 ± 0.72 Ma four point 
(gt4+gt5+matrix+ whole rock) isochron age as the reference isochron. A 3.7 Ga zircon 
with a 
147
Sm/
144
Nd = 4.0 would plot at Δζ(105) = 2900, and all five garnet preparations in 
which there is significant zircon contamination are being pulled off the isochron towards 
the zircon population. 
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Figure 1.8: Mixing between inherited zircon inclusions and clean garnet. a) Δζ(10^5) 
vs. 
147
Sm/
144
Nd for all garnet data reported here (shown as orange circles) and theoretical 
mixing between clean garnet (red diamond) and inherited 3.7 Ga zircon (positioned along 
the 3.7 Ga isochron). Other matrix minerals in the whole rock (black diamond) may also 
contaminate the garnet but will simply pull it along the clean garnet-matrix 
isochron.  The data has been normalized to the clean garnet age of 2574.66 Ma. In black, 
are lines of constant mass fraction of the total Nd that comes from the 3.7 Ga zircon 
within the contaminated garnet.  Blue lines represent mixing vectors between clean 
garnet and 3.7 Ga zircon of varying 
147
Sm/
144Nd. Most of the “garnet” data reported here 
can be produced by mixing clean garnet with 3.7 Ga zircon with 
147
Sm/
144
Nd values 
between 3.0 and 4.0 if the zircon contributes 10-20% of the total Nd measured. b) Mixing 
between clean garnet and 3.2 Ga zircon. Most of the “garnet” data reported here can be 
produced by mixing clean garnet with 3.2 Ga zircon with
147
Sm/
144
Nd values between 3.0 
and 5.0 if the zircon contributes 15-40% of the total Nd measured. c) Mixing between 
clean garnet and 2.7 Ga zircon. The “garnet” data cannot be produced by contamination 
by 2.7 Ga zircon unless zircon 
147
Sm/
144
Nd is very high (~6.0) and zircon contributes 
over 50% of the total Nd measured.  d) Mass fraction Nd in zircon vs. ppm Nd in zircon. 
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CHAPTER 2 
EXPLORATION AND ENHANCEMENT OF SAMARIUM-NEODYMIUM 
CARBONATE GEOCHRONOLOGY 
 
2.1 Introduction 
Given the diversity of geologic settings that lead to the precipitation of carbonate, 
approaches for directly and accurately dating old (> 1 Ma) carbonate mineralization 
represent a key challenge in geochronology. Settings associated with carbonate 
mineralization include metamorphic fluid flow at convergent margins, oceanic and 
continental hydrothermal systems, hydrothermal alteration of the lithospheric mantle, 
ore-forming systems, and many more. In all of these examples, CO2-bearing fluids 
interact with dominantly silicate minerals in the lithosphere, sedimentary basins, and 
Earth’s regolith over million-year timescales. The ability to date these deposits can 
provide important information about many Earth processes including the mechanisms of 
fluid flow in the lithosphere, estimates of carbon and other chemical fluxes, fault and 
fracture development related to exhumation and other tectonic activity, and the timing of 
major geologic periods. 
To date carbon-14 (
14
C) and uranium-series (U-series) disequilibrium carbonate 
geochronometers have been used in many important studies. However, both of these 
systems have limitations. Due to the very short half-life of 
14
C (5740 years), this system 
is only useful for very young (<50,000 years) processes. Additionally, 
14
C ages do not 
directly date carbonate mineralization, they date the time that the carbon was last in 
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equilibrium with the atmosphere and are thus subject to complications when ancient 
carbon (i.e. “dead carbon”) is present. Given the short half-lives of most of the daughters 
in the U-series decay chain, U-series geochronology is also only useful for relatively 
young (ca. <500,000 years) processes, and remobilization of U, Th and the intermediate 
decay products can be problematic. Due to this mobility, primary mineralization ages are 
not always well-preserved and independent cross-checks on the ages are often required 
(Ibarra et al., 2014; Jahn and Cuvellier, 1994; Jones et al., 1995; Ludwig and Paces, 
2002; Maher et al., 2007). The U/Pb system has been successfully extended to date 
carbonates, especially low temperature carbonates (DeWolf and Halliday, 1991; Rasbury 
and Cole, 2009; Richards et al., 1998; Wang et al., 1998), capitalizing on the internal 
check provided by the measurement of multiple daughters from different decay chains. 
However, application of U-Pb is limited in circumstances where initial 
238
U/
204
Pb ratios 
or “ values” are low resulting in minimal accumulation of radiogenic Pb and little to no 
spread in an isochron. Ultramafic vein carbonates and hydrothermal environments, 
especially those associated with base metal mineralization, are typically characterized by 
low  values. 
The limited age range of the 
14
C and U-series geochronometers combined with 
limitations in the U/Pb system demonstrate the need for a carbonate geochronometer 
applicable to samples > 1 Myr and less susceptible to open system exchange at high 
temperatures. Unlike U and Pb, Sm and Nd are relatively insoluble in natural waters and 
have slower diffusivities in carbonate minerals (Cherniak, 1997; Cherniak, 1998), making 
both elements more resistant to post-deposition modification and resetting. Additionally, 
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147
Sm decays to 
143
Nd through a single alpha decay and thus there are no intermediate 
decay products. For these reasons, the Sm/Nd system (t1/2(
147
Sm) = 1.06 x 10
11
) could 
provide an alternative means to date carbonate minerals older than 1 Myr. Due to 
differing geochemical properties, the U/Pb and Sm/Nd geochronometers may also be 
applicable in different environments.  Here, we analyze both the U/Pb and Sm/Nd 
systematics in the same suite of samples in order to demonstrate the potential utility of 
Sm/Nd under conditions where low  values prohibit the use of U/Pb geochronology.  
Sm/Nd carbonate geochronology is not without potential challenges. The first is that 
concentrations of both Nd and Sm are very low (< 0.5 ppm) in most carbonates. 
However, new approaches for preparing and analyzing very small samples (1-10 ng) of 
Nd at high precision  (Harvey and Baxter, 2009) provide a new opportunity to measure 
carbonates low in Nd using reasonable samples sizes. 
A more difficult obstacle is that almost all carbonate analyzed in previous studies has 
shown very low (<0.2) 
147
Sm/
144
Nd ratios, severely limiting the potential for a precise age 
due to lack of spread in the final isochron. However, most of the low 
147
Sm/
144
Nd 
carbonate ratios reported in the literature come from primary marine carbonate and are 
bulk carbonate analyses. Published Sm-Nd data for secondary carbonate mineralization 
processes have reported 
147
Sm/
144
Nd ratios > 0.5 and have yielded 
147
Sm-
143
Nd isochron 
ages (Henjes-Kunst et al., 2008; Nie et al., 1999; Oberthür et al., 2009; Peng et al., 2003; 
Prochaska and Henjes-Kunst, 2008; Su et al., 2009; Uysal et al., 2007). This data 
indicates that some carbonate deposits may have favorable 
147
Sm/
144
Nd ratios for the 
geochronology of secondary carbonate minerals. The histogram in Figure 2.1 summarizes 
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previously published 
147
Sm/
144
Nd ratios for carbonate mineralization and shows that the 
only published 
147
Sm/
144
Nd >0.25 come from hydrothermal carbonates. 
The final obstacle to a successful Sm-Nd geochronometer is to establish a second 
(at least) phase that formed at the same time and in isotopic equilibrium with the desired 
carbonate. The greater the spread in 
147
Sm/
144
Nd among data from cogenetic samples, the 
better the age precision will be.  Of the limited secondary carbonate Sm-Nd 
geochronologic work that has been done, most has involved fully dissolving and 
analyzing multiple bulk carbonate samples from a given vein or layer, placing them on 
single isochron, and calculating an age (Nie et al., 1999; Peng et al., 2003; Su et al., 2009; 
Tonguç Uysal et al., 2007). However, three studies ( Henjes-Kunst et al., 2008; Oberthür 
et al., 2009; Prochaska and Henjes-Kunst, 2008) have involved leaching carbonate 
samples to isolate the carbonate from any non-carbonate present within a given sample. 
Using this method, multiple “leached carbonate” samples are placed on a single isochron 
to calculate an age. Placing multiple samples (leached or not) on a single isochron makes 
the assumption that all samples are the same age, which may or may not be true. In a 
complex hydrothermal mineralization environment it is possible (and plausible) for 
multiple generations of carbonate mineralization to exist in close proximity, in which 
case building an isochron from a group of carbonate samples collected from a single 
hydrothermal mine deposit, vein or ore could, in fact, be mixing multiple age 
populations.  
The goal of this study is to be able to extract a mineralization age from a single 
carbonate sample. This will eliminate the age uncertainty associated with placing 
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multiple carbonate samples of unknown age on a single isochron and consequently lead 
to a more accurate age.  We employ a sequential extraction procedure modified from 
Tessier et al. (1979) with the goal of being able to identify and isolate multiple cogenetic 
phases within a given carbonate sample. If these cogenetic phases have different 
147
Sm/
144
Nd ratios, maximizing separation between them will lead to the maximum 
spread in 
147
Sm/
144
Nd ratios and ultimately, a precise (and accurate) age from a single 
carbonate sample. 
2.2 Sample Descriptions 
After a reconnaissance study of 13 carbonates from diverse settings, five samples 
plus one “zero age” sample were selected for intensive work. Preliminary data from the 
samples not explored further is shown in Table 2.1. The first of the six samples focused 
on here is CC5, which is siderite (FeCO3) from the Copper Chief Mine in Jerome, 
Arizona and occurs as gangue carbonate within a volcanogenic massive sulfide deposit. 
The second is 08SVT4B, which is dolomite (CaMg(CO3)2) from the Argonaut Talc Mine 
in Ludlow, Vermont and occurs as hydrothermal replacement of serpentinite. The third is 
09SVT7D, which is calcite (CaCO3) from the Waits River Formation in Vermont and 
occurs as a regional metamorphic carbonate vein. The fourth is BAXX5, which is 
dolomite from the Breitenau mine in Styria, Austria and occurs as secondary dolomite 
formed by dissolution of magnesite and re-precipitation in/from circulating fluids. The 
fifth is EBB6, which is ankerite (Ca(Fe,Mg,Mn)(CO3)2) from the Erzberg mine in Styria, 
Austria, and occurs as a large mine deposit within the Erzberg iron ore mine. 
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The sixth sample comes from a 1-meter tall beehive chimney that grew between 
2003 and 2005 within the Lost City Hydrothermal Field, located 15 km west of the 
spreading axis of the Mid-Atlantic Ridge (Ludwig et al., 2006; Ludwig et al., 2011). This 
sample, provided to us by Susan Lang (University of South Carolina) and Gretchen 
Bernasconi-Green (ETH-Zürich), was selected as a control sample of known age (zero 
age). 
2.3 Methods 
2.3.1 Sample dry-preparation 
 To create a clean carbonate separate in preparation for further steps, 
approximately 5 g of sample was separated from the given hand-sample using a rock saw. 
Four of the samples (CC5, BAXX5, EBB6, and beehive) come from hand-samples that, 
to the naked eye, look like pure carbonate and the 5 g piece of sample was selected with 
an effort to avoid all weathered or altered surfaces. Two of the samples (09SVT7D and 
08SVT4B) come from hand samples that contain more than just carbonate, so the 5 g 
piece of sample selected was taken from the most carbonate-rich section of these hand-
samples. All six samples were crushed with a tungsten carbide mortar and pestle to a 
grain size of < 75 μm (200 mesh ). Throughout the crushing process, visibly non-
carbonate grains were removed with tweezers. For samples CC5, BAXX5, EBB6 and 
beehive the resulting powdered sample was ready for the next step. Samples 09SVT7D 
and 08SVT4B required additional separation techniques to isolate the carbonate. Sample 
09SVT7D was run through a Franz magnetic separator to remove all of the minerals more 
magnetic than calcite (mostly biotite). The dominant non-carbonate mineral present in 
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sample 08SVT4B is talc, and the talc was removed by rinsing 08SVT4B several times in 
ultrapure (Milli-Q) water, allowing the carbonate to sink to the bottom and then decanting 
the floating talc off with the water. The end result of these dry-preparation procedures 
were 80-95% pure carbonate separates. 
2.3.2 Sequential Extraction 
 Sequential extraction procedures are designed to isolate specific fractions of 
material (usually sediment) by successively attacking a given sample with chemical 
reagents and analyzing the resulting leachate. The objective of a sequential extraction 
procedure is to identify the primary carrying phases of elements in order to identify 
adsorbed and absorbed species, as well as the elemental composition of individual 
mineral components (Kryc et al., 2003). These procedures are most commonly used to 
study marine sediment and are usually a modified version of the classic five-fraction 
sequential extraction procedure presented in Tessier et al. (1979). “Fraction 2: bound to 
carbonates” is the step in this classic procedure that is relevant to this work. This step 
involves adjusting the pH of acetic acid with sodium acetate to access different portions 
of the carbonate fraction in sediments. 
Two slightly different sequential extraction procedures were used here, both 
heavily focused on isolating distinct carbonate fractions via acetic acid-sodium acetate 
treatments. One sequential extraction procedure was used for samples CC5, 08SVT4B 
and 09SVT7D and a slightly modified sequential extraction procedure was used for 
BAXX5, EBB6 and beehive. Five different pH-buffered acetic acids are used in these 
55 
 
procedures. These acids were made by mixing glacial acetic acid (pH = 0.88) with a 1M 
solution of sodium acetate (pH = 9.12). 
 At the start of the first sequential extraction procedure, the starting sample 
weights for CC5, 08SVT4B and 09SVT7D were 1299.95 mg, 1315.81 mg and 1301.86 
mg, respectively. All three samples were placed in a 22 mL Savillex beaker with 10 mL 
of Milli-Q water. The beakers were left at room temperature and periodically placed in an 
ultrasonic bath for 24 hours. After 24 hours, this Milli-Q rinse was decanted and 
discarded. This was done to remove any surface contamination. The samples were then 
placed, uncapped, on a hotplate at 120°C until they were dry. Once dry, the beakers were 
removed from the hotplate, capped, and allowed to cool. Once cool, the samples were 
reweighed. This water cleaning step resulted in mass losses of < 10 mg for all three 
samples. The next step is considered the first step of the sequential extraction: 10 mL of 
5.0 pH acetic acid was added to the samples. Due to the reactivity of carbonate samples 
in acid, the samples were left at room temperature, uncapped for 5 hours. Five times 
during those 5 hours the samples were capped and placed in the ultrasonic bath for 10 
minutes and then uncapped and left at room temperature. After 5 hours, the samples were 
capped and placed on a hotplate at 120°C and heated for 19 hours (the samples were 
placed in the ultrasonic bath intermittently during this time). After 24 hours in 5.0 pH 
acetic acid, the samples were taken off the hotplate and cooled. Once cool, the 5.0 pH 
acetic leachate was either decanted off or carefully pipetted out of the beaker and saved. 
If needed, the leachate was centrifuged and any remaining solid was returned to the 
beaker containing the solid residue. These residues were placed on a hotplate, uncapped, 
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at 120°C until they were completely dry. Once dry, they were removed from the hotplate, 
allowed to cool and then reweighed. 
 This procedure was repeated with 4.2 pH acetic acid, 3.9 pH acetic acid, 3.5 pH 
acetic acid, glacial acetic acid (0.88 pH), 1.5N HCl (5 mL), and concentrated nitric (3 
mL). All acid treatments lasted between 23 and 28 hours, always began uncapped at room 
temperature for 3-5 hours, and ended on a hotplate at 120°C with intermittent trips to the 
ultrasonic bath throughout. For each step, all three samples were treated exactly the same. 
Once the samples were dry following the concentrated nitric step, 1 mL concentrated HF 
and 1 mL 1.5N HCl was added to each sample. The samples were capped and placed on 
the hotplate at 120°C. They were transferred from the hotplate to the ultrasonic bath 
every couple of hours, until all remaining residue was completely dissolved. The HF 
mixture was then dried down and the samples were re-dissolved in 2 mL concentrated 
HNO3 and 1 ml HCl at 120°C. At the end of this 10-day procedure, 8 leachates were 
created from each carbonate sample. All leachates were dried down completely and the 
dry samples were redissolved in 4 mL 1.5N HCl and 500 μL concentrated nitric acid, 
from which aliquots were taken for isotopic and major element analyses (discussed 
below). 
 A second round of this sequential extraction procedure was performed on samples 
BAXX5, EBB6 and beehive. The starting weights for these samples were 1374.64 mg, 
1434.01 mg, and 1439.20 mg, respectively. The sequential extraction procedure just 
described was followed for these samples, with the addition of a 2.6 pH acetic acid 
leaching step after the 3.5 pH acetic acid step and before the glacial acetic step. For 
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samples BAXX5 and EBB6, this procedure resulted in 9 leachates. For the beehive 
sample, only 7 leachates were created because no solid residue was left behind after the 
1.5N HCl step, so no concentrated nitric or HF leachates were created. 
2.3.3 Bulk Dissolutions 
 In addition to the sequential extraction, a bulk dissolution was performed for all 
six samples. For samples CC5, 09SVT7D, 08SVT4B, EBB6 and BAXX5, approximately 
200 mg of the same carbonate separate used for the sequential extraction procedure was 
fully dissolved in 2 mL concentrated HF and 1 mL 1.5N HCl at 120°C. Once there was 
no more visible sample, the HF mixtures were dried and the samples were dissolved in 2 
mL concentrated HNO3 and 1 ml HCl at 120°C. When the samples were again fully 
dissolved they were dried and then redissolved in 4 mL 1.5N HCl and 500 μL 
concentrated nitric. Because the beehive sample fully dissolved during the 1.5N HCl 
leaching step, the HF step was not necessary for a bulk dissolution, so the beehive sample 
was fully dissolved in 4 mL 1.5N HCl and 500 μL concentrated nitric. It is important to 
note that, with the exception of the beehive sample, these bulk dissolutions do not 
represent pure carbonate, but it is interesting to compare the isotopic values of these bulk 
dissolutions to results of the sequential extractions. 
2.3.4 Sm-Nd Column Chemistry and Mass Spectrometry 
 An aliquot of all leachate and bulk samples was treated with a mixed 
147
Sm-
150
Nd 
spike and passed through a three stage column procedure: an anion exchange column to 
remove Fe, a TRU-spec column to isolate the REEs, and a hydroxyisobutyric acid 
column to isolate Nd and Sm (Harvey and Baxter, 2009). Procedural blanks were run in 
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parallel with each group of 5-7 samples and the 3-column blank averages were 28 pg Nd 
(range: 40.6 – 17.7 pg) and 3.9 pg Sm (range: 10.7 – 1.04 pg) during the course of this 
work. These blanks are small enough that their effects are negligible. 
All Sm-Nd mass spectrometry was performed on a Thermo-Finnigan TRITON
™
 
in the Boston University TIMS Facility. The Nd was loaded with 2 μL of H3PO4 and 
Ta2O5 activator slurry and collected in static mode with amplifier rotation as NdO
+
 
(Harvey and Baxter, 2009). Using this method, repeat 4 ng analyses of our in-house 
Ames Nd standard solution run alongside samples CC5, 09SVT7D and 08SVT4B over a 
29 month period by a single user yielded a long-term mean 
143
Nd/
144
Nd = 0.5121294 ± 
0.0000064 (2 RSD, n=88). Samples BAXX5, EBB6 and beehive were run during a time 
period where the external precision of the 
143
Nd/
144
Nd values was larger due to “cup 
poisoning” caused by calcium analysis on the same instrument. During this time period, 
repeat 4 ng analyses of our in-house Ames Nd standard yielded a long-term mean 
143
Nd/
144
Nd = 0.5121358 ± 0.0000080 (2 RSD, n=25). For all age calculations presented 
here, the error used on the 
143
Nd/
144
Nd value is the larger of either the 2σ internal run 
error or the 2σ external error on the 143Nd/144Nd value of the Ames standard during the 
time period the sample was run on the TIMS (0.00000064 for CC5, 08SVT4B and 
09SVT7D and 0.000080 for BAXX5, EBB6, and beehive). The 
147
Sm/
144
Nd error used is 
0.023% based on repeat analyses of a mixed gravimetric normal Sm-Nd solution 
(
147
Sm/
144
Nd = 0.15123 ± 0.00012, n=10; accurate within weighing errors of the 
gravimetric mix) spiked with our calibrated in house mixed 
147
Sm-
150
Nd spike and run 
through our full column chemical procedures.  
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Furthermore, 8 analyses of 4 ng loads of JNdi run as NdO
+
 yielded a mean 
143
Nd/
144
Nd = 0.512083 ± 0.000011 (2 RSD, n=8) and 13 analyses of 4 ng loads of the La 
Jolla standard run as NdO
+
 yielded a mean 
143
Nd/
144
Nd = 0.5118286 ± 0.0000032 (2 
RSD, n=13). These average values are lower (by 0.000032 for JNdi and 0.000029 for La 
Jolla) than the accepted values of 0.512115 ± 0.000007 for JNdi (Tanaka et al., 2000) and 
0.511858 ± 0.000007 for La Jolla (Lugmair and Carlson, 1978). No correction has been 
applied to any of the data reported here. 
2.3.5 Sr Column Chemistry and Mass Spectrometry 
 Another aliquot of all leachate and bulk samples was treated with an 
84
Sr spike 
and passed through a Sr spec column. Procedural blanks were run in parallel with each 
group of 5-7 samples and the Sr column blank average was 42 pg (range: 145.56 – 8.25 
pg) during the course of this work, which is small enough that its effect is negligible. All 
Sr mass spectrometry was performed on a Thermo-Finnigan TRITON
™
 in the Boston 
University TIMS Facility. The Sr was loaded with 2 μL of H3PO4 and Ta2O5 activator 
slurry and collected in static mode with amplifier rotation. Using this method, repeat 100-
300 ng analyses of our NBS987 Sr standard  yielded a long-term mean 
87
Sr/
86
Sr = 
0.710251 ± 0.000012 (2 RSD, n=30). 
2.3.6 Electron Microprobe Analysis 
 Thin sections of CC5, 09SVT7D and 08SVT4B were analyzed for Ca, Mn, Mg, 
Fe, and Sr on a JEOL JXA-733 electron microprobe at the Massachusetts Institute of 
Technology (MIT). Spot analyses were measured at 150 nA for 5 s at each point Figure 
2.3 shows microprobe images that all show multiple generations of carbonate growth. 
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2.3.7 U-Th-Pb Column Chemistry and Mass Spectrometry 
 
238
U and 
232
Th concentrations for samples 09SVT7D, 08SVT4B, CC5, EBB6, and 
BAXX5 were measured using a Nu AttoM
®
 High-Resolution ICP-MS at the Stanford 
School of Earth Sciences ICP-MS/TIMS facility. Eight concentration standards ranging 
from 0.005 to 1.0 ppb 
238
U and six concentration standards ranging from 0.01 to 1.0 ppb 
232
Th were prepared gravimetrically and used to build calibration curves. Standards were 
run every two samples to monitor and correct for instrumental drift. The concentrations 
between these standards and samples were matched as closely as possible and washout 
between measurements was monitored until signals on the electron multiplier returned to 
background levels. Total gravimetric and analytical error indicates that total standard 
error (2σ) was 5.7% for 238U concentrations and 7.9% for 232Th concentrations. 
 Total Pb concentrations (
204
Pb + 
206
Pb + 
207
Pb + 
208
Pb) were also measured on the 
Nu AttoM
®
 High-Resolution ICP-MS, using a more dilute aliquot of each sample. (
202
Hg 
was measured and the 
204
Pb value was corrected accordingly.) Five concentration 
standards ranging from 0.01 to 1.0 ppb Pb were prepared gravimetrically and used to 
build calibration curves and the method described above for U and Th was applied. Total 
gravimetric and analytical error indicates that total standard error (2σ) was 3.7% for total 
Pb concentration. 
 Another aliquot of these samples was used for Pb isotopic analysis. Pb 
purification columns were run using AG 1x8 resin, hydrobromic acid and hydrochloric 
acid. To ensure the end result was as pure as possible, all samples were run through the 
column procedure twice. The resulting Pb fractions were dried down completely and 
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redissolved in 2% nitric acid. The Pb isotopic compositions were analyzed at the ICP-
MS/TIMS Facility at Stanford University, using a Nu Instruments Plasma HR multi-
collector inductively couple plasma mass spectrometer (MC-ICP-MS) equipped with 12 
Faradays and 4 discrete dynode secondary electron multipliers. Measurements were made 
in dry plasma mode using an Aridus II desolvating nebulizer. All isotopic standards and 
samples were measured in 2% nitric acid, concentrations between samples and standards 
were matched as closely as possible and washout between measurements was monitored 
until signals on all detectors returned to background levels. 
 All four Pb isotopes plus 
202
Hg were analyzed statically on Faraday collectors 
operating with 10
11
 Ω resistors. All samples were run over the course of four days with 
sample-standard bracketing using SRM981. All 
204
Pb measurements were corrected for 
204
Hg, using the 
202
Hg measurement and a correction factor β value (average β value of 
the two bracketing standards) was used to correct all sample ratios. The β values for all 
standards were calculated based on the SRM981 values reported in Baker et al. (2004): 
207
Pb/
206
Pb = 0.914890, 
208
Pb/
206
Pb = 2.16775, 
208
Pb/
204
Pb = 36.7249, 
207
Pb/
204
Pb = 
15.4998, 
206
Pb/
204
Pb = 16.9416. During the time period of these analyses, the measured 
Pb isotopic ratios were: 
207
Pb/
206
Pb = 0.922761 ± 0.000511, 
208
Pb/
206
Pb = 2.20528 ± 
0.00100, 
208
Pb/
204
Pb = 38.0225 ± 0.0019, 
207
Pb/
204
Pb = 15.9098 ± 0.0015, 
206
Pb/
204
Pb = 
17.2415 ± 0.0010 (all 2σ, n=74). 
2.4. Data and Results 
 All Sm and Nd isotopic data is shown in Table 2.2. This includes eight leachates 
and one bulk dissolution for samples 09SVT7D, 08SVT4B and CC5 and nine leachates 
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and one bulk dissolution for samples BAXX5 and EBB6. Due to the very low 
concentrations of Sm and Nd in the beehive sample, reliable isotopic data was measured 
for four leachates and one bulk dissolution only. Three of the leachates collected 
contained too little Sm and Nd to accurately measure on the TIMS and this data was 
rejected and not considered further. Table 2.3 shows Sr data for the same set of samples, 
with the exception of the final leachate for sample CC5. Due to the small size of this 
leachate, it was all used for the Sm and Nd measurements. All data in Tables 2.2 and 2.3 
were collected in the BU TIMS Facility. Table 2.4 shows U, Th, and Pb concentrations 
measured on the Nu AttoM
®
 High-Resolution ICP-MS at Stanford University and Table 
2.5 shows Pb isotopic data measured on the Nu Instruments Plasma HR MC-ICP-MS also 
at Stanford University. Due to the very small size of the final HF leachates for samples 
CC5 and BAXX5, no U-Th-Pb data was collected and no Pb isotopic data was collected 
for the HF leachate from 08SVT4B. Table 2.6 shows the 
147
Sm-
143
Nd and 
207
Pb-
206
Pb 
ages calculated for each sample. The accepted age for each sample is highlighted and 
explained below. Table 2.7 shows all microprobe data collected for samples CC5, 
08SVT4B, and 09SVT7D on the JEOL JXA-733 electron microprobe at MIT. Table 2.8 
shows all major element data collected for samples CC5, 08SVT4B, and 09SVT7D on 
the ICP-ES at BU. 
2.5 Discussion 
 Calculating 
147
Sm-
143
Nd isochron ages by putting all leachate and bulk data from 
a given sample on a single isochron does not result in meaningful ages. 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd plots for all five samples: 09SVT7D, 08SVT4B, CC5, BAXX5 and EBB6 
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(the beehive sample is a little different and is discussed in more detail later) are sub-linear 
arrays, but the significant scatter between points indicates none of these linear arrays are 
true isochrons (Wendt and Carl, 1991). These plots are shown in Figures 2.4, 2.5, 2.6, 
2.7, 2.8, and 2.9. The sequential extraction procedure used was modelled after several 
studies designed to isolate the carbonate fraction of a given sample (Kryc et al., 2003a; 
Kryc et al., 2003b; Oberthur et al., 2009; Tessier et al., 1979; Ziegler et al., 2007). In 
these studies, and many others, acetic acid is used to isolate the carbonate fraction and 
after a sample is treated with acetic acid, all accessible carbonate will have dissolved in 
the acetic acid and all non-carbonate will be left behind. For this reason, the final 
carbonate 
147
Sm-
143
Nd isochron ages reported here, exclude the HCl, HNO3 and HF 
leachates, along with the bulk dissolutions. All four of these treatments were designed to 
dissolve non-carbonate material and therefore, by definition, do not belong on a 
carbonate-only internal isochron. In some cases, these points still fit on the carbonate 
isochron, which means the non-carbonate phases formed in age equilibrium with the 
carbonate. The exclusion of these points from each sample left five (09SVT7D, 
08SVT4B, and CC5) or six (BAXX5 and EBB6) acetic points to form an isochron and 
calculate an age. For various reasons (discussed below) the inclusion or exclusion of each 
leachate was considered on a sample-by-sample basis. 
Due to the very low U/Pb ratios of all of these samples (almost all are < 0.1 and 
most are < 0.01) we did not attempt 
238
U-
206
Pb or 
235
U-
207
Pb isochrons, but we did 
calculate and consider 
207
Pb-
206
Pb ages for each sample.  
2.5.1 Sample 09SVT7D 
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 The first sample considered here is 09SVT7D, which comes from a metamorphic 
calcite vein from the Waits River Formation in Vermont. The particular outcrop this 
sample is from consists of individual layers of sandstone and pelitic schist that range in 
thickness from ~0.1 to 2 m, with thinner (~2-50 cm) carbonate layers. Monazite grains 
from four samples within this pelitic schist were dated via 
208
Pb/
232
Th geochronology by 
Wing et al. (2003). All ages were obtained by in situ analysis of individual grains in thin 
section with an ion microprobe and the weighted mean age of the population is 352.9 ± 
8.9 Ma (Wing et al., 2003). 
All isotope data for this sample is shown in Figure 2.4 and after excluding the 
strong acid leachates and the bulk dissolution, this sample gives a 5-point 
147
Sm-
143
Nd 
isochron age of 376 ± 19 Ma (MSWD = 2.0), which agrees with the Wing et al. (2003) 
monazite age (within error), implying that monazite crystallization was concurrent with 
vein formation. The 19-Myr age precision comes mainly from the very limited spread in 
147
Sm/
144
Nd values (only 0.0975), but for many applications ± 19 Myr can be a useful 
constraint on carbonate vein formation.  
Additionally, for this sample, the bulk dissolution, HNO3 and HF leachates do 
form an acceptable 8-point isochron with the acetic points: 377 ± 10 Ma (MSWD = 1.19). 
The HCl leachate falls off the isochron towards an older age, implying a non-carbonate 
phase that formed prior to the carbonate vein formation was isolated and removed during 
this step in the sequential extraction procedure. The high concentration of Nd (98.6 ppm) 
and Sm (16.5 ppm) along with the low 
147
Sm/
144
Nd ratio (0.1010) measured in the HNO3 
leachate indicate the presence of monazite. Because of this, even though the inclusion of 
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the HNO3 leachate, HF leachate, and bulk dissolution points improve the age precision, 
they are excluded in the final accepted age because they do not represent pure carbonate. 
The 
207
Pb-
206
Pb age calculated for these same 5 points is 2716 ± 1300 Ma 
(MSWD = 5.3), which is significantly too old based on the known geologic history of the 
area and extremely imprecise. This is likely due to the very high common Pb component 
in this sample. U/Pb ratios are shown in Table 2.4 and are as low as 0.00081. The 
accepted carbonate age for sample 09SVT7D is 376 ± 19 Ma. 
2.5.2 Sample 08SVT4B 
 The next sample considered is 08SVT4B, which is a dolomite sample collected at 
the Argonaut (formerly Luzenac) open-pit talc mine in Ludlow, Vermont. The talc 
deposits in Ludlow are localized within a north trending band of ultramafic rocks (mostly 
serpentinite) which are interspersed in the Moretown Formation. The Moretown 
Formation is a lithotectonic unit that formed as an allochthonous accretionary complex on 
the upper plate of a subduction zone during the Taconian orogeny (Robinson et al., 
2006). Zircon ages from the Moretown Formation have a strong peak at 600 Ma, 
suggesting a peri-Gondwanan source, possibly mixed with a Laurentian component 
(Ryan-Davis, 2013). The talc deposits occur along the contact of the serpentinite bodies 
with schist and siliceous granofels and along regional faults that cut through the 
serpentinite. The largest talc-magnesite lenses are localized along the north-south 
margins of individual serpentinite bodies and elongated parallel to the regional foliation 
(Robinson et al., 2006). 
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Although sample 08SVT4B was collected from the talc-magnesite mine in 
Ludlow, VT, it is actually dolomite (see Table 2.7). For this sample, the five acetic 
leachate points do not yield a meaningful 
147
Sm-
143
Nd age because the spread in the 
147
Sm/
144
Nd ratio is very small (0.0104) and there is simply too much scatter amongst the 
five points. The 
207
Pb-
206
Pb age suffers from the same problems and again no meaningful 
age was calculated. Because both systems fail here, it is possible there was a high-
temperature event after the dolomite and talc formed that allowed these two phases 
(along with any other phases present) to partially (or fully) diffusively equilibrate with 
each other and create perturbations in the Sm, Nd and Pb isotopes. 
2.5.3 Sample CC5 
 Sample CC5 comes from the Copper Chief Mine in the Jerome Mining District in 
Arizona, where ores of gold, copper, and silver outcrop within a massive sulfide deposit. 
The base of the Copper Chief Mine is the Shea Basalt, which is overlain by rhyolite, 
dacite and quartz porphyry, all rest conformably on the Shea Basalt and are pre-ore in 
age. The massive sulfide lens rests on the top surface of the rhyolite and quartz porphyry. 
Sample CC5 comes from a quartz-siderite veins that crosscuts the massive sulfide and in 
some places contains high grade pods of silver. Ages of 1820 Ma and 1790 Ma have been 
reported for the rhyolitic rocks within the Jerome area (Anderson et al., 1971; Lindberg, 
1989). 
The five acetic acid leachates from CC5 do not form a 
147
Sm-
143
Nd isochron. The 
5-point age calculated is 2739 ± 800 (MSWD = 228). Such a high MSWD implies there 
is no possibility all five points belong on a single isochron (Wendt and Carl, 1991), and 
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consequently these five points do not represent carbonate fractions that are the same age. 
However, eliminating the first acetic leachate (5.0 pH NaOAc) and the glacial acetic 
leachate produces an acceptable 3-point isochron age of 1864 ± 110 Ma (MSWD = 0.18). 
For this sample, the first acetic leachate is likely accessing weathering and/or alteration 
products present within cracks and other easily accessible parts of the sample. This 
sample did contain some FeO minerals in cracks and on the surface that may have been 
mobilized during the first acetic leach. Other workers using sequential extraction 
procedures have seen a higher percentage of Fe in an initial mild acetic acid extraction 
for Fe-rich sediments (Hernández-Moreno et al., 2007). To explicitly test this hypothesis, 
the FeO content of this first acetic leachate from this sample could be analyzed. 
Assuming there are alteration products present in the 5.0-pH acetic fraction, it 
does not belong on the isochron and for this reason this point is discarded. Additionally, 
it is possible that all of the siderite is dissolved before the glacial acetic leach step. If 
there is no carbonate left at that point in the sequential extraction procedure, the glacial 
acetic leachate may be significantly contaminated by non-carbonate material, in which 
case it also does not belong on the isochron. This hypothesis could also be tested by 
measuring the composition of the glacial acetic leachate to confirm (or refute) that it 
contains no siderite. After the exclusion of these two points, the result is an isochron with 
a small spread (0.0175) in 
147
Sm/
144
Nd and a ± 110 Myr age precision, but we are 
confident in the accuracy of this age. 
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The 
207
Pb-
206Pb age for CC5 based on these “middle acetic” points only is 1552 ± 
570 Ma (MSWD = 0.044). The poor age precision makes it difficult to place too much 
confidence in this age, but it is consistent with the Sm-Nd age. 
2.5.4 Sample BAXX5 
 Sample BAXX5 comes from a druse within the Breitenau Mine in Austria and is 
documented to be -1.7 ± 6.8 Ma (Henjes-Kunst et al., in press). The Breitenau ore body is 
composed of chemically homogenous magnesite with variable amounts of dark matrix 
rich in organic and clay materials. Isochron calculations for acetic acid leachates and 
residues of individual magnesite samples from this deposit yield ages between 236 ± 16 
Ma and 193.5 ± 8.6 Ma. The interpretation of these results is that the hydrothermal 
magnesite formation from the carbonate country rocks occurred at ~230 Ma and dolomite 
druses were formed later on by open-system processes involving fluid migrating through 
the deposit (Henjes-Kunst et al., in press). 
The stronger acids, within the sequential extraction procedure, accessing non-
carbonate fractions of these carbonate samples is shown most vividly by BAXX5. The 
10-point isochron age for this sample is 131 ± 41 Ma (MSWD = 9.9), but it is very clear 
(see Figure 2.7) that the non-carbonate fractions are pulling the isochron age toward a 
much older reservoir. Excluding the strong acid leachates and the bulk dissolution 
produces a negative 6-point isochron age of -120 ±180 Ma (MSWD = 4.3). For this 
sample (similar to CC5), we hypothesize that all of the carbonate dissolved in the first 
five acetic acid leachates, whereas the glacial acetic leachate is sampling a non-carbonate 
phase. Excluding the glacial acetic point results in a 5-point 
147
Sm-
143
Nd isochron age of 
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21 ± 71 Ma (MSWD = 0.81), which confirms that the dolomite in these druses formed 
very recently. 
 The calculated 
207
Pb-
206Pb “ages” for this sample are geologically meaningless, 
which supports the hypothesis presented in Henjes-Kunst et al. (in press) that these 
dolomite druses were formed by open-system process involving fluids migrating through 
the Breitenau mine after the deposition of the magnesite ore. The open system behavior 
likely resulted in mobilization of the Pb isotopes, and thus no age information was 
preserved. 
2.5.5 Sample EBB6 
 EBB6 comes from the Erzberg Mine, also in Austria, and occurs as a massive 
ankerite deposit. While there is no published age data from the Erzberg deposit, field 
relationships indicate the mineralization age of the Erzberg ankerite should be similar to 
the mineralization age of the Breitenau magnesite and other local deposits. Henjes-Kunst 
et al. (2008) report a Breitenau magnesite crystallization age of 221 ± 16 Ma, and 
Prochaska and Henjes-Kunst (2008) report a magnesite crystallization age of 225 ± 42 
Ma for the Wald/Schoberpass deposit. 
Using all six acetic leachates to calculate an isochron age does not produce a 
meaningful age, as the first acetic (5.0 pH) falls off the isochron. Similar to sample CC5, 
we hypothesize that for this sample the first acetic leachate is accessing secondary 
weathering/alteration products from within cracks, which do not represent the carbonate 
mineralization age. It is interesting to note that this first leachate is a problem for the two 
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samples highest in Fe. It is possible that for Fe-rich carbonates this first leachate will 
always have to be rejected. Once the first acetic leachate is rejected, a 5-point isochron 
age of 178 ± 75 Ma (MSWD = 0.25) is produced. 
 The large error on this age is due to the very small (0.0219) spread in the 
147
Sm/
144
Nd ratios, whereas Henjes-Kunst et al. (2008) and Prochaska and Henjes-Kunst 
(2008) created a much larger spread (~0.25 for both) by combining multiple samples 
from the entire hydrothermal system. Considering the errors on these three depositional 
ages, it is possible these three carbonate ore bodies were deposited concurrently, and after 
initial deposition the Erzberg deposit experienced a slightly higher degree of 
recrystallization during the subsequent Alpidic orogenesis. This hypothesis is supported 
by the presence of secondary chlorite in the Erzberg deposit and not in the Breitenau or 
Wald/Schoberpass deposits (Henjes-Kunst, personal communication). 
 Similar to sample BAXX5, all calculated 
207
Pb-
206
Pb ages for EBB6 are 
geologically meaningless. Both the Breitenau and Erzberg deposits experienced multiple 
metamorphic heating and high fluid flow events. This open system behavior created an 
environment unsuitable for U-Pb or Pb-Pb dating. 
2.5.6 Beehive Sample 
The final sample considered here is the “beehive” sample. This sample comes 
from a 1-meter tall beehive chimney that grew between 2003 and 2005 within the Lost 
City Hydrothermal Field (Ludwig et al., 2006; Ludwig et al., 2011). If there are, in fact, 
multiple co-genetic carbonate crystals within a given sample that carry slightly different 
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Sm/Nd, multiple leachates of a “zero age” carbonate will all have the same 143Nd/144Nd 
ratio, but different 
147
Sm/
144
Nd ratios and will produce a zero age isochron. We attempted 
to test this hypothesis by putting a sample known to be “zero age” through the sequential 
extraction procedure. We did not anticipate how low the Nd and Sm concentrations were 
in the beehive sample: 21.19 ppb Nd and 4.33 ppb Sm, and these extremely low 
concentrations meant some of the leachates contained < 10 pg of either Nd or Sm (or 
both). Due to the extremely small sample sizes, the 3.9 pH, 3.5 pH and glacial acetic acid 
leachates were rejected from the data set. The remaining five beehive samples (bulk, 5.0 
pH acetic, 4.2 pH acetic, 2.6 pH acetic and HCl) technically form a zero age isochron:     
-31 ± 520 Ma (MSWD = 1.9), but with a ± 520 Myr age precision (due to the very small 
samples) it is not a conclusive age.  Technically, within analytical precision, this passes 
the zero age “test.” 
2.5.7 Recipe for dating carbonates 
 The extensive work done here shows that 
147
Sm-
143
Nd carbonate geochronology is 
possible in some carbonate-bearing environments. Based on this work, the most 
promising environments involve large ore deposits in which either the carbonate is the 
major ore, or occurs within the ore environment. Similar to garnet partial dissolution 
recipes (Pollington and Baxter, 2011; Sullivan et al., in press), building an accurate 
carbonate isochron requires a sample-by-sample approach. The following is our 
prescribed approach for attempting to date old (> 50 Ma) carbonate samples using the 
147
Sm-
143
Nd isochron method. The temperatures and durations for each cleaning/leaching 
step used here are described in the Methods section. It is possible that different 
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parameters could yield better results and future researchers should certainly experiment 
with a variety of parameters. For this reason temperatures and durations are not specified 
here. This is a basic outline of what we consider best practices. 
1. Cut, crush, sieve through 200 mesh  (< 75 μm), Franz and hand-pick the carbonate 
sample of interest, such that the end result is approximately 2 grams of visibly pure 
carbonate material. 
2. Fully dissolve ~50 mg of this carbonate separate. Run an aliquot of this bulk 
dissolution through columns and measure Sm and Nd concentrations on the TIMS. If 
the Nd and Sm concentrations in the bulk sample are <0.3 ppm Sm and <0.5 ppm Nd 
some of the resulting leachates will likely be very small (<2 ng Sm and/or Nd). Using 
the NdO
+
 method of Harvey and Baxter (2009), it is possible to work with smaller-
sized samples. 
3. Start with 1-1.5 grams of sample and rinse with Milli-Q. Discard the Milli-Q rinse. 
The starting sample weight should be adjusted based on the Nd and Sm 
concentrations in the bulk sample. If the concentrations are very low (<<0.3 ppm 
either Sm or Nd), it may be necessary to start with  more sample, in which case it will 
also be necessary to increase the volume of the reagents used. This initial Milli-Q 
rinse is used to remove any surficial coatings and/or weathering products that may not 
be the same age as the carbonate. 
4. Perform an acetic acid sequential extraction procedure using at least four pH buffered 
acetic acids plus glacial acetic acid. Begin with the highest pH and end with glacial. It 
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is useful to have five acetic acid leachates because it is possible both the first acetic 
leachate and the glacial acetic leachate will have to be rejected, still leaving three 
points to establish an isochron. Given the very low Nd and Sm concentrations in most 
of these samples, we conclude that collecting five acetic leachates (and not more) is 
the best practice. 
5. After the glacial acetic leachate, collect three more leachates (HCl, HNO3, and HF) 
until there is no more sample left. Although these points were ultimately not included 
in the final isochron, it is useful to collect and analyze them. They provide 
information as to what non-carbonate phases are present and what the 
147
Sm/
144
Nd 
and 
143
Nd/
144
Nd ratios of these phases are.  If these leachates fall on an isochron with 
the carbonates, then they too grew (or equilibrated) in age equilibrium with the 
carbonate for the Sm-Nd system. 
6. After all eight leachates from a given carbonate sample have been collected, run them 
through the NdO column procedure, measure the Sm and Nd isotopes on the TIMS, 
and plot them up in isochron space (
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd). Note where the 
bulk, HCl, HNO3, and HF points plot for further exploration and work, and then 
remove them from the plot and focus on the acetic points. If all five acetic points plot 
on a single isochron, the age calculated from the isochron represents the age of 
carbonate mineralization. If either (or both), the first acetic leachate or glacial acetic 
leachate fall significantly off of the isochron they should be excluded from the 
calculated isochron age (for the reasons discussed in the text). 
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2.6 Conclusions 
 Using a rigorous sequential extraction procedure, the Sm-Nd and U-Pb 
systematics of six carbonate samples were explored and primary mineralization ages 
were constrained for five of the six samples. All 
147
Sm/
144
Nd data reported here (both 
preliminary/exploratory and using our sequential extraction procedure) are shown in a 
histogram in Figure 2.10. This dataset shows that it is possible to extract multiple 
cogenetic fractions from a single carbonate sample and the resulting spread in the 
147
Sm/
144
Nd ratios is sufficient to calculate a mineralization age, with a precision as good 
as ± 19 Myr. This is an important advance in for carbonate geochronology, as it makes it 
possible to constrain old (>50 Ma) carbonate mineralization with a single carbonate 
sample, eliminating the uncertainty associated with putting multiple carbonate samples 
on a single isochron. In many of the geologic environments that lead to the precipitation 
of carbonate (e.g. regional metamorphic carbonate veins, hydrothermal deposits, ore 
forming systems, etc.) the ability to constrain carbonate mineralization to ± 19 Myr (or 
better), without compromising accuracy, can provide important information about the 
timing of fluid flow and other geologic processes. 
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Table 2.1: preliminary/exploratory Sm-Nd data 
   
sample 
sample 
location 
description dissolution 
Nd 
conc 
(ppm) 
Sm 
conc 
(ppm) 
147
Sm/ 
144
Nd 
KPER2A-3A 
Bosnia 
veins within 
ophiolites 
bulk 0.29 0.10 0.211 
KPER2A-3-L1 acetic 0.081 0.021 0.159 
KPER2A-3-L2 HCl 0.021 0.0065 0.191 
PER1-10-L1 acetic 0.44 0.22 0.306 
PER1-10-L2 HCl 0.080 0.036 0.268 
W16-AC 
Iceland 
Iceland      
spar 
acetic 0.16 0.060 0.220 
W16-HCl HCl 0.16 0.040 0.146 
W16-N nitric 0.050 0.012 0.139 
14-05 
Isua 
Greenland 
magnesite 
veins 
bulk 0.12 0.035 0.175 
02-05A acetic 0.64 0.16 0.151 
02-05B HCl 0.46 0.13 0.168 
LA9-A 
Italy 
veins within 
ophiolites 
acetic 0.0080 0.0029 0.216 
LA9-B HCl 0.024 0.012 0.301 
LA9-C nitric 0.013 0.0071 0.342 
LMO4-A acetic 0.066 0.013 0.116 
LMO4-B HCl 0.12 0.025 0.124 
LMO4-C nitric 0.13 0.031 0.140 
RM09-20-A Red 
Mountain 
CA 
hydro-
magnesite 
veins 
acetic 0.0049 0.0010 0.121 
RM09-20-B acetic 0.0026 0.00050 0.113 
RM09-20-C HCl 0.0039 0.00080 0.126 
YAX2 Yucatan 
Mexico 
speleothem 
bulk 0.015 0.0034 0.134 
SCY2 bulk 0.0049 0.0010 0.130 
97DVT-4A-1 
Simplon 
Pass 
Switzerland 
regional 
metamorphic 
carbonate-
galena vein 
acetic 0.21 0.065 0.183 
97DVT-4A-3 HCl 0.76 0.30 0.243 
98BSP5-N1 acetic 0.18 0.11 0.355 
98BSP5-N3 HCl 0.47 0.12 0.157 
98BSP5-NA1 acetic 0.15 0.096 0.395 
98BSP5-NA3 HCl 0.61 0.17 0.172 
09SVT-5A 
Vermont 
regional 
metamorphic 
carbonate 
veins 
acetic 0.19 0.065 0.211 
09SVT-5A HCl 0.34 0.075 0.135 
09SVT-5A nitric 0.17 0.039 0.135 
09SVT-6B acetic 0.018 0.0058 0.197 
09SVT-6B HCl 0.068 0.010 0.088 
09SVT-6B nitric 0.045 0.015 0.203 
08VT-4A 
Vermont 
talc-
magnesite 
mine 
bulk 0.45 0.14 0.191 
08SVT-4G acetic 0.013 0.0030 0.136 
08SVT-4G HCl 0.26 0.057 0.133 
08SVT-4Z acetic 0.0090 0.0012 0.079 
08SVT-4Z HCl 0.045 0.0084 0.113 
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Table 2.2: All Sm-Nd data 
       
sample leachate 
loaded on 
TIMS Sm 
ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng 
Sm 
ng 
Nd 
09SVT7D bulk 28.2 105 1.37 5.11 0.1625 0.5120646 0.0000053 
09SVT7D 5.0 pH NaOAc 35.2 107 4.82 14.6 0.1993 0.5121526 0.0000061 
09SVT7D 4.2 pH NaOAc 28.4 81.0 2.21 6.30 0.2120 0.5121893 0.0000091 
09SVT7D 3.9 pH NaOAc 15.8 49.5 1.17 3.68 0.1930 0.5121466 0.0000072 
09SVT7D 3.5 pH NaOAc 12.8 61.5 1.01 4.83 0.1260 0.511983 0.000013 
09SVT7D glacial acetic 10.5 55.7 0.201 1.06 0.1145 0.511941 0.000014 
09SVT7D HCl 15.4 94.5 1.26 7.71 0.0988 0.511877 0.000011 
09SVT7D HNO3 11.7 70.3 16.5 98.6 0.1010 0.5119131 0.0000065 
09SVT7D HF 9.35 55.6 0.199 1.18 0.1017 0.511922 0.000016 
08SVT4B bulk 42.6 105 0.960 2.36 0.2458 0.5128375 0.0000058 
08SVT4B 5.0 pH NaOAc 33.4 73.6 1.73 3.81 0.2747 0.5129299 0.0000054 
08SVT4B 4.2 pH NaOAc 31.4 68.2 2.67 5.79 0.2788 0.5129243 0.0000093 
08SVT4B 3.9 pH NaOAc 33.9 74.1 1.79 3.91 0.2767 0.5129009 0.0000087 
08SVT4B 3.5 pH NaOAc 16.7 37.6 0.378 0.849 0.2691 0.5128852 0.0000063 
08SVT4B glacial acetic 4.52 10.2 0.142 0.320 0.2684 0.512881 0.000010 
08SVT4B HCl 3.42 8.75 0.114 0.293 0.2363 0.512751 0.000015 
08SVT4B HNO3 15.9 47.1 2.02 5.98 0.2038 0.512753 0.000012 
08SVT4B HF 11.0 31.3 0.103 0.294 0.2128 0.512770 0.000010 
CC5 bulk 36.1 75.7 0.296 0.621 0.2886 0.5136461 0.0000060 
CC5 5.0 pH NaOAc 1.68 3.61 0.172 0.369 0.2816 0.513505 0.000015 
CC5 4.2 pH NaOAc 3.77 6.97 0.368 0.680 0.3271 0.514157 0.000012 
CC5 3.9 pH NaOAc 7.14 13.9 0.233 0.456 0.3096 0.5139407 0.0000063 
CC5 3.5 pH NaOAc 2.62 4.97 0.266 0.505 0.3186 0.514049 0.000011 
CC5 glacial acetic 0.778 1.81 0.0730 0.169 0.2608 0.512928 0.000012 
CC5 HCl 0.930 1.39 0.0937 0.140 0.4036 0.515168 0.000015 
CC5 HNO3 3.03 8.18 0.273 0.738 0.2240 0.5129804 0.0000082 
CC5 HF 3.14 5.71 0.221 0.401 0.3328 0.513988 0.000017 
BAXX5 bulk 4.46 4.13 0.380 0.352 0.6531 0.512639 0.000023 
BAXX5 5.0 pH NaOAc 6.80 6.28 1.12 1.04 0.6556 0.512593 0.000021 
BAXX5 4.2 pH NaOAc 8.24 7.42 0.320 0.288 0.6718 0.512612 0.000013 
BAXX5 3.9 pH NaOAc 5.81 5.31 0.242 0.221 0.6619 0.5126088 0.0000059 
BAXX5 3.5 pH NaOAc 4.97 4.63 0.208 0.194 0.6496 0.5126064 0.0000078 
BAXX5 2.6 pH NaOAc 2.22 2.09 0.119 0.113 0.6402 0.512608 0.000012 
BAXX5 glacial acetic 1.64 1.62 0.0804 0.0782 0.6201 0.512657 0.000022 
BAXX5 HCl 9.05 8.48 0.429 0.402 0.6458 0.512576 0.000023 
BAXX5 HNO3 1.31 1.49 0.0611 0.0693 0.5330 0.512548 0.000019 
BAXX5 HF 1.31 1.59 0.0572 0.110 0.3137 0.512301 0.000045 
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Table 2.2 (continued): All Sm-Nd data 
sample leachate 
loaded on 
TIMS 
Sm ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng  
Sm 
ng 
Nd 
EBB6 bulk 19.4 34.1 1.68 2.95 0.3450 0.5124382 0.0000069 
EBB6 5.0 pH NaOAc 40.3 60.0 3.04 4.53 0.4060 0.512468 0.000010 
EBB6 4.2 pH NaOAc 22.4 33.7 1.51 2.27 0.4022 0.5125345 0.0000073 
EBB6 3.9 pH NaOAc 36.6 54.7 2.46 3.67 0.4054 0.5125379 0.0000047 
EBB6 3.5 pH NaOAc 10.5 16.0 0.347 0.529 0.3968 0.5125320 0.0000068 
EBB6 2.6 pH NaOAc 3.71 5.77 0.258 0.401 0.3887 0.5125185 0.0000081 
EBB6 glacial acetic 2.94 4.64 0.237 0.373 0.3835 0.512513 0.000012 
EBB6 HCl 21.2 32.0 1.16 1.75 0.4012 0.512521 0.000010 
EBB6 HNO3 14.6 67.8 4.75 22.1 0.1300 0.5121169 0.0000042 
EBB6 HF 21.5 108 3.43 17.3 0.1201 0.5121002 0.0000045 
beehive bulk 0.916 4.48 0.00433 0.0212 0.1236 0.512046 0.000028 
beehive 5.0 pH NaOAc 0.860 3.81 0.00327 0.0145 0.1364 0.512111 0.000098 
beehive 4.2 pH NaOAc 0.844 4.19 0.00541 0.0268 0.1220 0.512020 0.000034 
beehive 2.6 pH NaOAc 0.0281 0.156 0.000727 0.00402 0.1094 0.512148 0.000186 
beehive HCl 0.0314 0.192 0.00297 0.0182 0.0990 0.512081 0.000100 
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Table 2.3: All Sr data 
    
sample leachate 
ng Sr 
loaded on 
TIMS 
Sr ppm 
87
Sr/
86
Sr 
± 2 SE 
(abs) 
09SVT7D bulk 484 1544 0.7091541 0.0000036 
09SVT7D 5.0 pH NaOAc 457 4697 0.7091402 0.0000026 
09SVT7D 4.2 pH NaOAc 207 1895 0.7090932 0.0000034 
09SVT7D 3.9 pH NaOAc 557 1135 0.7091084 0.0000045 
09SVT7D 3.5 pH NaOAc 531 584 0.7091078 0.0000034 
09SVT7D glacial acetic 103 103 0.7091153 0.0000038 
09SVT7D HCl 72.3 69.0 0.7092955 0.0000049 
09SVT7D HNO3 74.6 312 0.7131752 0.0000038 
09SVT7D HF 50.8 24.8 0.7144866 0.0000058 
08SVT4B bulk 380 408 0.7082415 0.0000055 
08SVT4B 5.0 pH NaOAc 640 1194 0.7082829 0.0000062 
08SVT4B 4.2 pH NaOAc 214 1880 0.7082257 0.0000042 
08SVT4B 3.9 pH NaOAc 350 1468 0.7082130 0.0000042 
08SVT4B 3.5 pH NaOAc 415 335 0.7082131 0.0000072 
08SVT4B glacial acetic 107 92.2 0.708209 0.000015 
08SVT4B HCl 58.7 24.9 0.7082254 0.0000057 
08SVT4B HNO3 45.0 24.8 0.7083385 0.0000059 
08SVT4B HF 18.0 1.64 0.7087702 0.0000057 
CC5 bulk 143 6.48 0.7057056 0.0000053 
CC5 5.0 pH NaOAc 134 11.1 0.7055157 0.0000051 
CC5 4.2 pH NaOAc 157 14.0 0.7055020 0.0000052 
CC5 3.9 pH NaOAc 108 8.22 0.7054065 0.0000052 
CC5 3.5 pH NaOAc 80 8.50 0.7049016 0.0000037 
CC5 glacial acetic 165 13.7 0.704851 0.000013 
CC5 HCl 137 5.30 0.7041216 0.0000057 
CC5 HNO3 197 8.29 0.7077022 0.0000065 
CC5 HF no data 
BAXX5 bulk 429 852 0.7170872 0.0000046 
BAXX5 5.0 pH NaOAc 559 2907 0.7171440 0.0000056 
BAXX5 4.2 pH NaOAc 221 846 0.7169257 0.0000048 
BAXX5 3.9 pH NaOAc 491 612 0.7171335 0.0000051 
BAXX5 3.5 pH NaOAc 453 466 0.7173128 0.0000037 
BAXX5 2.6 pH NaOAc 464 248 0.7171497 0.0000043 
BAXX5 glacial acetic 456 163 0.7170987 0.0000050 
BAXX5 HCl 411 779 0.7172622 0.0000048 
BAXX5 HNO3 199 53.4 0.7172521 0.0000056 
BAXX5 HF 38.1 13.3 0.7176570 0.0000082 
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Table 2.3 (continued): All Sr data 
    
sample leachate 
ng Sr 
loaded on 
TIMS 
Sr ppm 
87
Sr/
86
Sr 
± 2 SE 
(abs) 
EBB6 bulk 33.8 28.7 0.7144125 0.0000041 
EBB6 5.0 pH NaOAc 74.5 69.1 0.7150744 0.0000039 
EBB6 4.2 pH NaOAc 62.5 26.1 0.7144979 0.0000052 
EBB6 3.9 pH NaOAc 87.9 45.4 0.7143676 0.0000040 
EBB6 3.5 pH NaOAc 14.8 6.42 0.714266 0.000010 
EBB6 2.6 pH NaOAc 8.39 4.25 0.714229 0.000012 
EBB6 glacial acetic 8.43 4.09 0.714125 0.000013 
EBB6 HCl 44.1 19.3 0.7136700 0.0000051 
EBB6 HNO3 28.7 14.3 0.7165171 0.0000082 
EBB6 HF 3.90 1.91 0.771072 0.000038 
beehive bulk 588 2638 0.7075178 0.0000055 
beehive 5.0 pH NaOAc 481 1575 0.7075369 0.0000046 
beehive 4.2 pH NaOAc 256 20272 0.7075289 0.0000060 
beehive 2.6 pH NaOAc 253 261 0.7075260 0.0000055 
beehive HCl 67.2 74.7 0.7075054 0.0000055 
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Table 2.4: U, Th, and Pb concentration data 
sample leachate 
U conc 
(ppm) 
Th conc 
(ppm) 
Pb conc 
(ppm) 
U/Pb 
09SVT7D bulk 0.284 0.528 22.2 0.013 
09SVT7D 5.0 pH NaOAc 0.153 0.231 189 0.00081 
09SVT7D 4.2 pH NaOAc 0.110 0.182 27.3 0.0040 
09SVT7D 3.9 pH NaOAc 0.0851 0.407 20.0 0.0042 
09SVT7D 3.5 pH NaOAc 0.184 1.18 12.2 0.015 
09SVT7D glacial acetic 0.120 0.556 3.03 0.040 
09SVT7D HCl 0.491 1.28 5.15 0.095 
09SVT7D HNO3 7.58 13.3 42.5 0.18 
09SVT7D HF 0.175 0.280 0.812 0.22 
08SVT4B bulk 0.0181 0.00881 4.30 0.0042 
08SVT4B 5.0 pH NaOAc 0.532 0.0569 56.7 0.0094 
08SVT4B 4.2 pH NaOAc 0.157 0.0318 47.5 0.0033 
08SVT4B 3.9 pH NaOAc 0.0561 0.0321 30.0 0.0019 
08SVT4B 3.5 pH NaOAc 0.00890 0.0175 5.50 0.0016 
08SVT4B glacial acetic 0.00469 0.0104 2.59 0.0018 
08SVT4B HCl 0.0109 0.0302 3.11 0.0035 
08SVT4B HNO3 0.0632 0.112 3.12 0.020 
08SVT4B HF 0.00771 0.00811 0.113 0.068 
CC5 bulk 0.182 0.134 28.7 0.0064 
CC5 5.0 pH NaOAc 0.104 0.0172 12.8 0.0082 
CC5 4.2 pH NaOAc 0.0894 0.163 15.6 0.0057 
CC5 3.9 pH NaOAc 0.0785 0.217 17.9 0.0044 
CC5 3.5 pH NaOAc 0.225 0.372 40.8 0.0055 
CC5 glacial acetic 0.0123 0.0213 1.89 0.0065 
CC5 HCl 0.0124 0.0182 2.22 0.0056 
CC5 HNO3 0.239 0.127 40.6 0.0059 
CC5 HF no data 
BAXX5 bulk 0.0171 0.00298 1.28 0.013 
BAXX5 5.0 pH NaOAc 0.0661 0.00745 3.25 0.020 
BAXX5 4.2 pH NaOAc 0.0113 0.00156 1.28 0.0088 
BAXX5 3.9 pH NaOAc 0.00794 0.00107 0.791 0.010 
BAXX5 3.5 pH NaOAc 0.00878 0.00161 0.631 0.014 
BAXX5 2.6 pH NaOAc 0.00764 0.00249 0.307 0.025 
BAXX5 glacial acetic 0.00645 0.00253 0.276 0.023 
BAXX5 HCl 0.0303 0.00458 1.15 0.026 
BAXX5 HNO3 0.0133 0.0104 0.170 0.078 
BAXX5 HF no data 
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Table 2.4 (continued): U, Th, and Pb concentration data 
sample leachate 
U conc 
(ppm) 
Th conc 
(ppm) 
Pb conc 
(ppm) 
U/Pb 
EBB6 bulk 0.0589 1.62 0.851 0.069 
EBB6 5.0 pH NaOAc 0.113 1.86 0.426 0.26 
EBB6 4.2 pH NaOAc 0.0207 0.900 1.19 0.017 
EBB6 3.9 pH NaOAc 0.0513 1.92 1.14 0.045 
EBB6 3.5 pH NaOAc 0.00913 0.344 0.13 0.071 
EBB6 2.6 pH NaOAc 0.0190 0.492 0.0701 0.27 
EBB6 glacial acetic 0.0225 0.473 0.0861 0.26 
EBB6 HCl 0.0478 1.15 0.521 0.092 
EBB6 HNO3 0.716 15.7 0.542 1.3 
EBB6 HF 0.621 4.79 0.0911 6.8 
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Table 2.5: All Pb isotopic data 
sample leachate 
208
Pb/ 
204
Pb 
± 2 SE 
(abs) 
206
Pb/ 
204
Pb 
± 2 SE 
(abs) 
207
Pb/ 
204
Pb 
± 2 SE 
(abs) 
09SVT7D bulk 38.6120 0.0220 18.8618 0.0074 15.6841 0.0078 
09SVT7D 5.0 pH NaOAc 38.6670 0.0390 18.9137 0.0098 15.6985 0.0117 
09SVT7D 4.2 pH NaOAc 38.4943 0.0199 18.7126 0.0053 15.6605 0.0065 
09SVT7D 3.9 pH NaOAc 38.5096 0.0090 18.7293 0.0031 15.6602 0.0034 
09SVT7D 3.5 pH NaOAc 38.5901 0.0321 18.7050 0.0072 15.6719 0.0092 
09SVT7D glacial acetic 38.6015 0.0134 18.7618 0.0036 15.6657 0.0042 
09SVT7D HCl 38.9421 0.0240 19.2720 0.0057 15.6934 0.0068 
09SVT7D HNO3 39.1934 0.0033 19.9626 0.0007 15.7346 0.0007 
09SVT7D HF 38.8322 0.0327 19.4041 0.0097 15.6964 0.0089 
08SVT4B bulk 38.4484 0.0399 18.5723 0.0094 15.6799 0.0117 
08SVT4B 5.0 pH NaOAc 38.5300 0.0574 18.7392 0.0153 15.6871 0.0179 
08SVT4B 4.2 pH NaOAc 38.4116 0.0338 18.5078 0.0073 15.6771 0.0099 
08SVT4B 3.9 pH NaOAc 38.3603 0.0029 18.4212 0.0015 15.6702 0.0011 
08SVT4B 3.5 pH NaOAc 38.3330 0.0319 18.3849 0.0078 15.6664 0.0096 
08SVT4B glacial acetic 38.3637 0.0416 18.4007 0.0111 15.6743 0.0130 
08SVT4B HCl 38.3908 0.0110 18.4395 0.0032 15.6786 0.0030 
08SVT4B HNO3 38.4101 0.0331 18.5179 0.0086 15.6766 0.0109 
08SVT4B HF no data 
CC5 bulk 38.2558 0.0147 18.8178 0.0034 15.6645 0.0051 
CC5 5.0 pH NaOAc 38.5078 0.0547 19.1403 0.0193 15.7042 0.0195 
CC5 4.2 pH NaOAc 38.3949 0.0544 19.0308 0.0190 15.6841 0.0194 
CC5 3.9 pH NaOAc 38.3492 0.0074 18.9468 0.0026 15.6778 0.0023 
CC5 3.5 pH NaOAc 38.2450 0.0099 18.8183 0.0020 15.6654 0.0035 
CC5 glacial acetic 38.2502 0.0301 18.7897 0.0136 15.6724 0.0116 
CC5 HCl 38.0585 0.0273 18.6080 0.0121 15.6458 0.0100 
CC5 HNO3 38.2528 0.0044 18.8077 0.0043 15.6647 0.0009 
CC5 HF no data 
BAXX5 bulk 38.8455 0.0054 19.1392 0.0024 15.7112 0.0017 
BAXX5 5.0 pH NaOAc 38.8229 0.0236 19.1033 0.0066 15.7094 0.0071 
BAXX5 4.2 pH NaOAc 38.8521 0.0502 19.1486 0.0126 15.7135 0.0153 
BAXX5 3.9 pH NaOAc 38.8683 0.0278 19.1431 0.0058 15.7168 0.0085 
BAXX5 3.5 pH NaOAc 38.8397 0.0093 19.1205 0.0029 15.7053 0.0024 
BAXX5 2.6 pH NaOAc 38.8626 0.0111 19.1788 0.0025 15.7200 0.0038 
BAXX5 glacial acetic 38.7236 0.0402 19.1946 0.0110 15.7004 0.0130 
BAXX5 HCl 38.8503 0.0155 19.1347 0.0050 15.7083 0.0053 
BAXX5 HNO3 38.9069 0.0132 19.5215 0.0061 15.7237 0.0043 
BAXX5 HF no data 
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Table 2.5 (continued): All Pb isotopic data 
sample leachate 
208
Pb/ 
204
Pb 
± 2 SE 
(abs) 
206
Pb/ 
204
Pb 
± 2 SE 
(abs) 
207
Pb/ 
204
Pb 
± 2 SE 
(abs) 
EBB6 bulk 39.7438 0.0037 18.8826 0.0018 15.69383 0.00086 
EBB6 5.0 pH NaOAc 39.6360 0.0120 18.9028 0.0073 15.7011 0.0043 
EBB6 4.2 pH NaOAc 39.6703 0.0259 18.8778 0.0067 15.6929 0.0087 
EBB6 3.9 pH NaOAc 39.7104 0.0097 18.9083 0.0069 15.6938 0.0036 
EBB6 3.5 pH NaOAc 39.7399 0.0029 18.8927 0.0011 15.69551 0.00089 
EBB6 2.6 pH NaOAc 39.7129 0.0034 18.8944 0.0028 15.6934 0.0021 
EBB6 glacial acetic 39.7814 0.0091 18.9520 0.0041 15.6959 0.0036 
EBB6 HCl 39.5637 0.0016 18.8409 0.0012 15.69061 0.00085 
EBB6 HNO3 45.8812 0.0121 20.0361 0.0072 15.7427 0.0042 
EBB6 HF 54.6434 0.0953 25.4026 0.0449 15.9779 0.0190 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
84 
 
Table 2.6: All calculated Sm-Nd and Pb-Pb ages 
sample isochron description 
# of 
isochron 
points 
age 
(Ma) 
± (Myr) MSWD 
09SVT7D Sm-Nd everything 9 389 31 4.7 
09SVT7D Sm-Nd everything except HCl 8 377 10 1.19 
09SVT7D Sm-Nd all acetic 5 376 19 2.0 
09SVT7D Sm-Nd "middle acetic" 3 367 27 0.31 
09SVT7D Pb-Pb everything 9 438 820 6.1 
09SVT7D Pb-Pb all acetic 5 2716 1300 5.3 
09SVT7D Pb-Pb "middle acetic" 3 -1 21000 1.9 
08SVT4B Sm-Nd everything 9 364 120 23 
08SVT4B Sm-Nd all acetic 5 588 820 18 
08SVT4B Sm-Nd "middle acetic" 3 533 3000 6.8 
08SVT4B Pb-Pb everything 8 281 1100 4.0 
08SVT4B Pb-Pb all acetic 5 517 1800 0.36 
08SVT4B Pb-Pb "middle acetic" 3 1282 2200 0.028 
CC5 Sm-Nd everything 9 1972 420 826 
CC5 Sm-Nd all acetic 5 2739 800 228 
CC5 Sm-Nd "middle acetic" 3 1864 110 0.18 
CC5 Pb-Pb everything 8 1528 260 0.75 
CC5 Pb-Pb all acetic 5 1456 540 1.4 
CC5 Pb-Pb "middle acetic" 3 1552 570 0.044 
BAXX5 Sm-Nd everything 10 131 41 9.9 
BAXX5 Sm-Nd all acetic 6 -120 180 4.3 
BAXX5 Sm-Nd "middle acetic" 4 21 71 0.15 
BAXX5 Sm-Nd middle+first acetic 5 21 71 0.81 
BAXX5 Pb-Pb everything 9 1032 2000 6.0 
BAXX5 Pb-Pb all acetic 6 -1 15000000 6.0 
BAXX5 Pb-Pb "middle acetic" 4 3216 370 1.3 
EBB6 Sm-Nd everything 10 228 25 25 
EBB6 Sm-Nd all acetic 6 -46 590 20 
EBB6 Sm-Nd "middle acetic" 4 173 95 0.37 
EBB6 
Sm-Nd middle+glacial 
acetic 
5 178 75 0.25 
EBB6 Pb-Pb everything 10 -138 58 4.2 
EBB6 Pb-Pb all acetic 6 4217 8200 3.0 
EBB6 Pb-Pb "middle acetic" 4 -1 14000 1.5 
beehive Sm-Nd everything 5 -31 520 1.9 
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Table 2.7: All microprobe data (values in wt%) 
sample     spot #     CaO       FeO       MgO       MnO       SrO      CO2       Total   
09SVT7D 1 53.17 0.8950 1.780 0.168 0.154 44.41 100.6 
09SVT7D 2 51.82 1.136 1.318 0.162 0.193 43.06 97.77 
09SVT7D 3 53.17 0.5984 0.984 0.172 0.175 43.36 98.47 
09SVT7D 4 51.28 0.6881 1.573 0.143 0.195 42.60 96.51 
09SVT7D 5 52.36 1.046 1.134 0.155 0.228 43.22 98.21 
09SVT7D 6 52.65 0.8075 1.006 0.137 0.196 43.08 97.88 
09SVT7D 7 52.02 0.8971 1.125 0.0933 0.256 42.85 97.33 
09SVT7D 8 51.13 0.8976 1.790 0.151 0.161 42.83 96.99 
09SVT7D 9 52.10 0.6584 1.228 0.102 0.199 42.85 97.22 
09SVT7D 10 51.72 0.9872 1.396 0.164 0.235 42.94 97.47 
09SVT7D 11 30.04 3.480 18.91 0.277 0.109 46.62 99.52 
09SVT7D 12 30.46 4.040 18.09 0.227 0.0732 46.41 99.48 
09SVT7D 13 30.45 3.840 18.03 0.230 0.116 46.16 98.87 
08SVT4B 1 28.85 5.700 17.41 0.694 0.331 45.79 98.87 
08SVT4B 2 29.23 5.640 17.50 0.671 0.288 46.09 99.47 
08SVT4B 3 29.58 5.190 17.66 0.679 0.248 46.28 99.73 
08SVT4B 4 29.33 5.160 17.66 0.666 0.209 46.02 99.15 
08SVT4B 5 29.09 5.030 18.32 0.443 0.182 46.37 99.56 
08SVT4B 6 29.21 5.690 17.54 0.729 0.295 46.23 99.79 
08SVT4B 7 29.37 5.450 17.64 0.622 0.241 46.18 99.55 
08SVT4B 8 29.03 5.530 17.74 0.672 0.258 46.11 99.40 
08SVT4B 9 28.92 5.330 17.68 0.648 0.217 45.80 98.66 
08SVT4B 10 29.57 5.430 17.82 0.658 0.223 46.61 100.5 
08SVT4B 11 29.44 4.990 17.71 0.662 0.215 46.04 99.13 
08SVT4B 12 29.05 5.250 17.72 0.492 0.309 45.84 98.72 
08SVT4B 13 29.99 5.010 17.46 0.564 0.179 46.15 99.41 
08SVT4B 14 29.35 6.350 17.32 0.821 0.334 46.53 100.8 
08SVT4B 15 29.66 5.280 17.78 0.609 0.176 46.49 100.1 
08SVT4B 16 29.53 4.880 17.67 0.642 0.0750 46.00 98.89 
08SVT4B 17 29.69 5.280 17.50 0.798 0.165 46.34 99.96 
08SVT4B 18 29.62 4.650 17.83 0.575 0.147 46.02 98.87 
CC5 1 0.4634 48.79 8.550 2.21 0 40.98 101.0 
CC5 2 0.5439 50.92 7.510 1.96 0.0565 41.08 102.1 
CC5 3 0.4337 49.23 8.630 1.98 0.00640 41.21 101.6 
CC5 4 0.1017 49.36 9.810 1.49 0 41.99 102.8 
CC5 5 0.1089 54.04 5.090 1.92 0 39.97 101.2 
CC5 6 0.2608 48.86 9.900 1.74 0 42.05 102.9 
CC5 7 0.1813 52.91 7.630 1.53 0 41.87 104.2 
CC5 8 0.1876 52.88 6.820 1.53 0 41.00 102.5 
CC5 9 0.1633 52.18 7.470 1.72 0 41.35 102.9 
CC5 10 0.3474 54.20 6.350 1.01 0.0447 41.04 103.0 
CC5 11 0.3823 50.61 6.630 2.36 0 40.01 100.0 
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Table 2.8 Major element concentrations (in ppm) measured on the ICP-ES at BU. 
sample leachate Mn Fe Mg Al Ti Ca Sr 
CC5 bulk 19211 425843 51197 
  
4545 
 CC5 5.0 pH NaOAc 8782 114529 19403 
   
8 
CC5 4.2 pH NaOAc 23295 196116 67727 
  
7514 12 
CC5 3.9 pH NaOAc 15750 172439 40488 
    CC5 3.5 pH NaOAc 20012 207243 54065 
    CC5 glacial NaOAc 3468 44313 9067 
    CC5 HCl 11167 259650 30254 
    CC5 HNO3 8274 403815 21307 
    CC5 HF 2246 118949 5613   24     
09SVT7D bulk 1248 10181 13566 2832 173 
 
1170 
09SVT7D 5.0 pH NaOAc 3523 9388 15471 
 
11 
 
3734 
09SVT7D 4.2 pH NaOAc 1613 7208 10894 
   
1658 
09SVT7D 3.9 pH NaOAc 947 4781 13486 
   
808 
09SVT7D 3.5 pH NaOAc 1116 7497 40696 
   
457 
09SVT7D glacial NaOAc 136 6113 5013 
  
14798 60 
09SVT7D HCl 207 18518 7621 1404 67 14378 56 
09SVT7D HNO3 208 32098 9072 12356 223 9571 57 
09SVT7D HF       4806 254   20 
08SVT4B bulk 1646 48630 147940 15461 116 49404 456 
08SVT4B 5.0 pH NaOAc 3276 21742 62743 
   
1025 
08SVT4B 4.2 pH NaOAc 4747 29076 85187 
   
1501 
08SVT4B 3.9 pH NaOAc 3109 7243 57351 
   
991 
08SVT4B 3.5 pH NaOAc 677 
 
12782 
  
24770 224 
08SVT4B glacial NaOAc 250 
 
4961 
  
9355 87 
08SVT4B HCl 
 
18093 5621 1806 
  
22 
08SVT4B HNO3 1731 234389 273581 192382 525 
 
24 
08SVT4B HF 251 52104 202328 12009 123     
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Figure 2.1: Histogram of previously published 
147
Sm/
144
Nd. Most carbonates, plot at 
147
Sm/
144
Nd < 0.2, which is too low for geochronology; but secondary, hydrothermal, 
carbonates show a range of 147Sm/144Nd values, making geochronology possible. 
(Akbulut et al., 2006; Banner and Hanson, 1990; Barrat et al., 2000; Bolhar and Van 
Kranendonk, 2007; Chakrabarti et al., 2007; Dongre et al., 2008; Dymek and Klein, 
1988; Fanton et al., 2002; Hecht et al., 1999; Henjes-Kunst et al., 2008; Junqueira et al., 
2007; Kamber and Webb, 2001; Nie et al., 1999; Nothdurft et al., 2004; Oberthür et al., 
2009; Olivier and Boyet, 2006; Peng et al., 2003; Prochaska and Henjes-Kunst, 2008; 
Srivastava et al., 2005; Su et al., 2009; Tichomirowa et al., 2006; Toulkeridis et al., 1998; 
Uysal et al., 2007; Webb and Kamber, 2000) 
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Figure 2.2: The beehive sample. This 1-meter tall beehive chimney grew between 2003 
and 2005 within the Lost City Hydrothermal Field, located 15 km west of the spreading 
axis of the Mid-Atlantic Ridge (Ludwig et al., 2006; Ludwig et al., 2011). 
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Figure 2.3: Images taken of samples (a) 09SVT7D, (b) 08SVT4B, and (c) CC5 on a 
JEOL JXA-733 electron microprobe at MIT. All three samples show multiple generations 
of carbonate growth. Small numbers show where spot analyses were measured. 
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Figure 2.4: Isotopic data for sample 09SVT7D. a) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 8 
leachates and 1 bulk dissolution. b) 
143
Nd/
144
Nd vs. 
87
Sr/
86
Sr for all 8 leachates and 1 bulk 
dissolution. c) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 5 acetic acid leachates and the accepted 
isochron age for this sample. d) 
207
Pb/
204
Pb vs. 
206
Pb/
204
Pb for all 8 leachates and 1 bulk 
dissolution. On all plots, unless shown, the error bars are smaller than the symbols. 
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Figure 2.5: Isotopic data for sample 08SVT4B. a) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 8 
leachates and 1 bulk dissolution. b) 
143
Nd/
144
Nd vs. 
87
Sr/
86
Sr for all 8 leachates and 1 bulk 
dissolution. c) 
143
Nd/
144
Nd vs. 
147
Sm/144Nd for all 5 acetic acid leachates. d) 
207
Pb/
204
Pb 
vs. 
206
Pb/
204
Pb for 7 leachates (no Pb isotopic data was collected for the final HF 
leachate) and 1 bulk dissolution. On all plots, unless shown, the error bars are smaller 
than the symbols. 
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Figure 2.6: Isotopic data for sample CC5. a) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 8  
leachates and 1 bulk dissolution. b) 
143
Nd/
144
Nd vs. 
87
Sr/
86
Sr for all 7 leachates (no Sr 
isotopic data was collected for the final HF leachate) and 1 bulk dissolution. c) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 5 acetic acid leachates and the accepted isochron age 
for this sample. d) 
207
Pb/
204
Pb vs. 
206
Pb/
204
Pb for 7 leachates (no Pb isotopic data was 
collected for the final HF leachate) and 1 bulk dissolution. On all plots, unless shown, the 
error bars are smaller than the symbols. 
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Figure 2.7: Isotopic data for sample BAXX5. a) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 9 
leachates and 1 bulk dissolution. b) 
143
Nd/
144
Nd vs. 
87
Sr/
86
Sr for all 9 leachates and 1 
bulk dissolution. c) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 6 acetic acid leachates and the 
accepted isochron age for this sample. d) 
207
Pb/
204
Pb vs. 
206
Pb/
204
Pb for 8 leachates (no Pb 
isotopic data was collected for the final HF leachate) and 1 bulk dissolution. On all plots, 
unless shown, the error bars are smaller than the symbols. 
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Figure 2.8: Isotopic data for sample EBB6. a) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 9 
leachates and 1 bulk dissolution. b) 
143
Nd/
144
Nd vs. 
87
Sr/
86
Sr for all 9 leachates and 1 
bulk dissolution. c) 
143
Nd/
144
Nd vs. 
147
Sm/
144
Nd for all 6 acetic acid leachates and the 
accepted isochron age for this sample. d) 
207
Pb/
204
Pb vs. 
206
Pb/
204
Pb for 9 leachates and 1 
bulk dissolution. On all plots, unless shown, the error bars are smaller than the symbols. 
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Figure 2.9: Isotopic data for the beehive sample. a) 
143
Nd/
144
Nd vs. 
147
Sm/144Nd for 4 
leachates and 1 bulk dissolution and the accepted isochron age for this sample. b) 
143
Nd/
144
Nd vs. 
87
Sr/
86
Sr for 4 leachates and 1 bulk dissolution. 
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Figure 2.10: Histogram of all 
147
Sm/
144
Nd carbonate data from this study. The orange 
bars represent preliminary/exploratory analyses and the blue bars represent sequential 
extraction analyses. The spread in 
147
Sm/
144
Nd ratios within the sequential extraction 
dataset demonstrates the potential for using the Sm-Nd system to date carbonate 
mineralization. 
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CHAPTER 3 
HIGH TEMPERATURE GARNET GROWTH IN NEW ENGLAND: REGIONAL 
TEMPERATURE-TIME TRENDS REVEALED 
3.1 Introduction 
 Heat input and fluid flow are fundamental drivers of prograde metamorphism 
within a variety of geologic settings. Temperatures attained in regional metamorphic 
terranes were thought to be caused by thermal relaxation from crustal overthickening, 
with timescales of heating on the order of 10s of millions of years (England and 
Thompson, 1984). However, it has been shown that in some regional metamorphic 
environments, heating is not continuous, but rather occurs in discrete pulses (Ague and 
Baxter, 2007; Pollington and Baxter, 2010), lasting < 1 Myrs. One potential mechanism 
for these pulses is advective heating through focused fluid flow (Peacock, 1989; 
Lancaster et al., 2008). 
Chamberlain and Rumble (1988) proposed that high flux, short duration fluid 
flow during regional metamorphism produced a series of localized high-temperature, 
>700°C, (HT) metamorphic hotspots within New England’s Central Maine Terrane. 
More recently, regional ultra-high temperature, >900°C, (UHT) localities have been 
identified in Willington, CT (Ague et al., 2013) and Phillipston, MA (Ostwald, 2013). 
This study uses garnet geochronology to spatial and temporally constrain these HT/UHT 
garnet growth events. Through bulk garnet geochronology at ten sites within the ~5 km
2
 
metamorphic hotspot in Bristol, a regional scale “age map” of the hotspot was created. 
Through high resolution garnet microsampling (i.e. Pollington and Baxter, 2010) the 
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duration of garnet growth was constrained at three sites within this age map. A single 
bulk garnet age from Willington, CT provides a temporal constraint to the end of the 
documented UHT event and zoned garnet geochronology, coupled with Zr-in-rutile 
thermometry in Phillipston, MA constrains the timing, duration and temperature of the 
UHT garnet growth event (Ostwald 2013). This dataset identifies the timing and duration 
of these UHT/HT garnet growth events on a regional, local, outcrop, and sample scale. 
3.2 Geologic Setting 
The New England Appalachians represent a complex, multi-episodic orogenic 
belt.  The generally accepted tectonic history of the New England Appalachians can be 
divided into three events: (1) the Taconian orogeny (~455-445 Ma), characterized by the 
collision of Laurentia (present day North American Craton) with an island arc (Stanley 
and Ratcliffe, 1985); (models conflict as to whether the island arc involved in this 
collision was the Bronson Hill arc (Rowley and Kidd, 1981), or the Shelburne Falls arc 
(Karabinos et al., 1998)), (2) the Acadian orogeny (~420-385 Ma) (Robinson et al., 
1998), characterized by continental collision between Laurentia and Avalonia (fragment 
of Gondwana) , and (3) the Alleghanian orogeny (~ 280- 260 Ma), characterized by 
continental collision between Laurentia-Avalonia and Africa (Cogswell and Mosher, 
1994). The end result of these successive collisions is a series of northeast-southwest 
trending litho-tectonic terranes beginning in Maine (ME), running through New 
Hampshire (NH), Vermont (VT), and Massachusetts (MA) and ending in Connecticut 
(CT). These terranes are shown in Figure 3.1, along with the sample locations from this 
study. 
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Each one of these terranes is characterized by its unique stratigraphy and 
metamorphic style. The samples considered in this study come from the Central Maine 
Terrane (CMT), which is characterized by Buchan-style (HT-LP) metamorphism with 
dominantly counter-clockwise P-T paths (Spear et al., 2008). The deepest portions of the 
CMT consist of granulite-grade migmatites and gneisses, which are exposed in 
Massachusetts and Connecticut; and the shallowest portions are exposed in Maine where 
low pressure contact metamorphic assemblages overprint low-grade regional 
metamorphic rocks (Robinson and Hall, 1980). The CMT is bordered on the east by the 
Merrimack Terrane and a series of faults (Eusden Jr et al., 1987) and on the west by the 
Bronson Hill Terrane, which is a series of stacked nappes (Spear et al., 2002). 
Very broadly, the tectonic history of the CMT can be split into two phases. The 
first was a period of sedimentation in an eastward-thickening basin, beginning at ~440 
Ma (after the Taconian orogeny and before the collision of Avalon and Laurentia) the 
CMT was a deep-water anoxic basin filled with shale, quartzite and calcareous rocks. 
Around 410 Ma a series of turbidites were deposited into the basin, from an eastward 
anoxic source. The end result of this sedimentation was five major formations: the 
Rangeley Formation (graphitic and sulfidic shales, ~1500 m thick), the Perry Mountain 
Quartzite (~500 m thick), the Francestown Formation (sulfidic calcsilicates, ~300 m 
thick), the Madrid Formation (sulfidic calcsilicates, ~450 m thick), and the Littleton 
Formation (graded-bedded schists, ~2000 m thick). The second tectonic phase of the 
CMT was a period of crustal thickening and deformation between ~420 and ~395 Ma, 
when the CMT was deformed into the series of westward-directed nappes and isoclinal 
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folds. This period of deformation likely doubled the crustal thickness of the CMT 
(Chamberlain and Sonder, 1990). Crustal thickening of anoxic sedimentary basins in 
back-arc environments (such as the CMT) has been suggested to lead to high 
concentrations of heat-producing elements (U and Th), resulting in large influxes of 
thermal energy and high temperatures (Chamberlain and Sonder, 1990; Clark et al., 
2011). 
Within the CMT, there is a series of localized ultrahigh-temperature (UHT)/high-
temperature (HT) granulite facies regions within the amphibolite facies metamorphic 
zone stretching from north-central New Hampshire (Chamberlain and Rumble, 1988), 
through central Massachusetts (Ostwald et al., 2014), and into northeastern Connecticut 
(Ague et al., 2013). These “hot spots” were first identified in New Hampshire by 
Chamberlain and Rumble (1988), and their detailed study of the hot spot in Bristol, NH 
revealed a network of syn-metamorphic quartz-graphite veins, steep metamorphic field 
temperature gradients (based on index minerals), and decreased δ18O within the hot spot. 
Based on these observations they concluded that the hot spots displayed a thermal 
structure that could not be explained by conductive heat transfer and proposed that the 
hot spots were zones where large quantities of hot fluids ascended through fracture 
networks during Acadian regional metamorphism. Hydrothermal overgrowths on zircons 
from one of the quartz-graphite veins in Bristol, NH have been dated at 408 ± 6 Ma. The 
interpretation of this age is that the zircon overgrowths precipitated on xenocrystic cores 
during vein emplacement in Bristol, meaning the age of the overgrowth directly dates the 
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fluid flow event. However, it is possible that the overgrowths formed during regional 
metamorphism and were not affected by the later passage of fluids (Zeitler et al., 1990). 
In addition to these metamorphic hot spots, the CMT also contains a number of 
granitic intrusions, the most widespread being the four members of the New Hampshire 
Plutonic Series: the Kinsman Quartz Monzonite, the Bethlehem Gneiss, the Spaulding 
Quartz Diorite, and the Concord Granite. The locations of these intrusions are shown in 
Figure 3.2, in relation to the Bristol, NH hot spot. The ~400 Ma Kinsman (411 ± 19 Ma), 
Bethlehem (405 ± 78 Ma) and Spaulding (402 ± 5 Ma) intrusions are interpreted to 
represent the major magmatic pulse associated with the Acadian orogeny and occur as 
sheet-like plutons (Lyons and Livingston, 1977). The Concord Granite (359 ± 11 Ma) 
represents a younger cycle of plutonism that occurred between the Acadian and 
Alleghanian periods (Lyons and Livingston, 1977). The ages from this early work were 
calculated using Rb-Sr whole rock isochrons and were considered accurate and precise 37 
years ago, but since then the significant developments and advances in U-Pb accessory 
mineral (zircon, monazite, and titanite/sphene) geochronology have made it possible to 
constrain the age(s) of this plutonism more precisely and with increased resolution. 
Early U-Pb work within the New Hampshire Plutonic series produced U-Pb 
zircon ages of  403 ± 3 Ma (Robinson et al., 1998) and 413 ± 5 Ma (Barreiro and 
Aleinikoff, 1985) for the Kinsman, 408 ± 2 Ma for the Spaulding (Robinson et al., 1998), 
407 ± 5 Ma and 410 ± 5 Ma for the Bethlehem (Moench et al., 1995), and 354 ± 5 Ma for 
the Concord (Harrison et al., 1987). Eusden Jr and Barrerio (1988) did U-Pb monazite 
work on eight granitic plutons from the New Hampshire plutonic series and found an age 
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range of 393-356 Ma. The scatter amongst these ages implies the emplacement history of 
these plutons is complex and further work is necessary to fully understand their history 
and how their emplacement relates to the tectonics of the CMT. Studies of the thermal 
history of the CMT are conflicted regarding the relationship between the granitic 
intrusions and the metamorphism. Two contrasting possibilities have been suggested: the 
intrusions caused the metamorphism or the metamorphism produced the granites by 
anatexis (Chamberlain and Sonder, 1990). 
This study focuses on the Bristol hot spot (~5 km in diameter) with the goal of 
testing the hypothesis presented by Chamberlain and Rumble (1988) that it was heated to 
>700°C via hot fluids ascending through fractures during the Acadian regional 
metamorphism. In order for this hypothesis to be true, the duration of this fluid flow must 
have been very short (<1 Myr). The absolute timing and duration of the metamorphism 
associated with the formation of the Bristol hotspot is explored here through Sm-Nd 
garnet geochronology within the hotspot and U-Pb zircon geochronology within the 
surrounding granites. Prior work on the timing of metamorphism within the CMT shows 
a complex metamorphic history (Pyle et al., 2005; Spear et al., 2008), but little is known 
about the duration and spatial distribution of metamorphism both within and outside these 
hotspots. Through high resolution garnet sampling on the “hotspot”, outcrop, and 
individual garnet crystal (via micro-drilled growth zones) scale this study presents a one-
of-a-kind dataset capable of exposing the complex metamorphic history of this unique 
area. 
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 In addition to the extensive work done in Bristol, this study examines 
metamorphism within the CMT on a regional scale by assisting in a study in Phillipston, 
MA where UHT garnet growth has recently been reported (Ostwald et al., 2014), and 
performing garnet geochronology within the newly discovered UHT rocks of Willington, 
CT (Ague et al., 2013). 
3.3 Sample Descriptions 
This study involved three field locations: Bristol, NH, Phillipston, MA and 
Willington, CT (shown in Figure 3.1). Sample IDs, locations and GPS coordinates are 
shown in Table 3.1. In Bristol, garnet geochronology was conducted at ten sites within 
the metamorphic hotspot identified by Chamberlain and Rumble (1988). The locations of 
these sites (along with age and temperature data, which is explained in detail later) are 
shown in Figure 3.3. Four of the six metamorphic zones identified in Tracy (1975) are 
present within the ~5 km
2
 sampling area. These metamorphic zones were mapped by 
Chamberlain and Lyons (1983) in Bristol and their map was used to guide the sampling 
conducted in this study. The goal was to collect a sample set that spatially, temporally, 
and thermally represents the entire hotspot. Samples were collected from 24 sites total, 
covering all four, previously identified metamorphic zones. Samples from zone 3 are 
characterized by the mineral assemblage: sillimanite, muscovite, biotite, quartz, garnet 
and plagioclase. Zone 4 is characterized by the appearance of alkali feldspar. Zone 5 is 
characterized by the disappearance of muscovite and zone 6 is characterized by the 
appearance of cordierite. Within this suite of samples, garnet size ranges from 1 mm to 
1.6 cm in diameter. 
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After identifying the closest exposures of the Concord granite and the Kinsman 
quartz monzonite to the Bristol hotspot, samples 13SNH-25 (Concord) and 13SNH-28 
(Kinsman) were collected. The locations of these samples relative to the Bristol hotspot 
are shown in both Figure 3.1 and 3.2. The Concord granite is a two mica granite and 
contains potassium feldspar, plagioclase, quartz, biotite and muscovite. The Kinsman 
quartz monzonite is characterized by large phenocrysts of potassium feldspar that can be 
up to 5 cm in length. The matrix is composed of quartz, biotite and feldspar. Garnet and 
cordierite are present within some plutons of the Kinsman, but were absent in the hand 
sample considered here. 
Sample 12OMA-2D comes from the Littleton formation in Phillipston, MA. The 
Littleton formation is a metasedimentary aluminous marine turbidite with quartzite and 
minor volcanics (Allen, 1997). The mineral assemblage of sample 12OMA-2D is garnet, 
plagioclase, biotite, cordierite, sillimanite, ilmenite, zircon, quartz, and graphite. Euhedral 
garnets, up to 5 cm in diameter were observed in the outcrop (Ostwald, 2013). Sample 
12OMA-2D contained garnets up to 2.4 cm in diameter, plus smaller garnets 1-5 mm in 
diameter. These garnets also contain oriented rutile needles. Sample 12OMA-1A is the 
Coys Hill Granite, sampled in Templeton, MA. The primary mineral assemblage of the 
Coys Hill sample analyzed here is potassium feldspar, plagioclase, quartz, biotite and 
garnet. The entire unit has undergone deformation and is a granitic gneiss. The garnet 
present in this sample occurs as a trace mineral and is ~1 mm in diameter. It is unclear 
whether the garnet has an igneous or metamorphic origin. 
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Sample 11SCT1A, from Willington, CT, is a metapelite from the Brimfield Schist 
which preserves a granulite facies mineral assemblage of plagioclase, quartz, garnet, 
sillimanite, biotite, cordierite, alkali feldspar and spinel (Ague et al., 2013). The garnets 
contain crystallographically oriented rutile needles and in the sample considered here are 
1-3 mm in diameter. 
3.4 Methods 
3.4.1 Dry preparation for bulk garnet samples 
To create a clean garnet separate for all 11 bulk garnet samples (10 from Bristol, 
NH and 1 from Willington, CT), 40-100 grams of sample was crushed to < 1 mm (18 
mesh ) and then subdivided into homogeneous fractions of equal mass. A split of one of 
these was reserved as the whole rock Sm-Nd analysis. Following further crushing and 
hand-picking, the remaining sample was passed through a Franz magnetic separator such 
that ~¾ of the original mass was separated into garnet and matrix. The matrix material 
was set aside and the garnet separate was crushed in a tungsten carbide mortar and pestle 
to a grain size of 63-106 μm (140-230 mesh ). For each sample, garnet powder finer 
than 63 μm was set aside for Sm-Nd analysis (referred to as “powder.”). These 
“powders” represent visibly clean garnet that has not been cleaned further via partial 
dissolution. The 63-106 μm garnet fractions were run through a Franz magnetic separator 
again and handpicked further to separate garnet from all visible non-garnet. Depending 
on the amount of clean garnet produced at the end of this process, the garnet was split 
into 2-3 fractions of 100-400 mg for a partial dissolution procedure. 
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3.4.2 Dry preparation for micro-drilled garnet samples 
 Three >1 cm diameter garnets were selected from sites 7, 18 and 24 for high 
precision microsampling following the methods outlined in Pollington and Baxter (2011). 
For each sample, a 2 mm-thick wafer was cut, such that the geometric center of the garnet 
was within the wafer. The garnet used from sample 10BNH7A was roughly circular in 
cross section with a diameter of 1.3 cm. The garnets used from samples 10BNH18B and 
10BNH24C were more oblong shaped and measured 1.5 x 1.3 cm and 1.6 x 1.2 cm, 
respectively. Fe, Mg, Ca, and Mn concentrations were measured on these polished thick 
sections on the JEOL JXA-733 electron microprobe at MIT. For each garnet sample, a 
grid of points with 300 μm spacing was measured at 150 nA for 5 s at each point. Points 
that yielded anomalously high or low oxide wt% totals were removed and the remaining 
points were imported to a contouring program written in MATLAB and contour maps of 
all four major cations were produced for each sample. These garnets were most strongly 
zoned in Mn, so the MnO chemical maps were used to guide the sampling. Three zones 
from sample 10BNH7A and four zones from samples 10BNH18B and 10BNH24C were 
defined and programmed to be microsampled using the New Wave MicroMill. All three 
garnets with MnO wt% contour maps and drill trench locations are shown in Figure 3.4. 
Each 2 mm-thick section was mounted on a block of graphite using crystal bond. 
This block and a surrounding Teflon ring were attached to the sample stage, also using 
crystal bond, and before each drilling session the Teflon ring was filled with milli-Q 
water. The water both cools the drill bit and prevents powder buildup while the drill is 
running. This is important as, depending on the size of the trench, it takes between 8 and 
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24 hours to drill through the 2 mm wafer and into the graphite block. Without water the 
drill leaves a ragged trench and the drill bit wears down significantly faster (Pollington 
and Baxter, 2011). 
Three (sample 10BNH7A) or four (samples 10BNH18B and 1BNH24C) trenches 
were drilled to isolate the defined growth zones within these garnets. The drilling was 
done using an 800 μm wide diamond particle drill bit. The powdered residue created 
through this process is discarded. As shown in Pollington and Baxter (2011), partial 
dissolution of these very fine microsampled powders fails to purify the garnet. The solid 
annuli created by drilling these trenches are collected, cleaned, crushed to 63-106 μm, 
magnetically separated, and handpicked to separate garnet from all visible inclusions. As 
with the bulk garnet samples, the portion of the garnet crushed to finer than 63 μm was 
set aside as the “powder.” Once all annuli are removed, the remaining (non-garnet) 
sample is crushed and analyzed as the “matrix.” 
3.4.3 Partial dissolution cleansing of inclusions from garnet 
While the crushing, magnetic separating and hand-picking procedures appear to 
superficially clean garnet, microscopic inclusions remain within the garnet separates. It 
has been shown that the failure to remove such micro-inclusions compromises both the 
precision and accuracy of measured garnet ages (Amato et al., 1999; Anczkiewicz and 
Thirlwall, 2003; Baxter et al., 2002; Baxter and Scherer, 2013; Dewolf et al., 1996; 
Dragovic et al., 2012; Pollington and Baxter, 2011; Scherer et al., 2000). To address this 
problem, we used partial dissolution procedures, modified from Pollington and Baxter 
(2011), which cleanse the garnet of micro-inclusions, thereby achieving high Sm/Nd 
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ratios, and ultimately leading to better age precision and accuracy. We recognize that 
every garnet sample has a unique inclusion population and density, and as a result, in 
order to find the best partial dissolution recipe for these garnets, a variety of procedures 
were tested. The following procedure was the most successful for these garnet samples. 
The clean garnet fractions created at the end of both dry preparation procedures 
were cleaned in 2 mL 1.5N HCl and 1 mL concentrated HF at 120°C for 30-150 minutes 
(time depending on sample). The procedure involved placing the samples in an ultrasonic 
bath for 5 minutes after every 10 minute interval on a hotplate. At the end of the allotted 
time the leachates were decanted and the samples were rinsed and ultrasonicated twice in 
1.5N HCl, and twice in ultrapure (Milli-Q) water. Next, a solution of 1 mL 1.5N HCl and 
2 mL HClO4 was added to the garnet samples. The HClO4 is used to re-dissolve the 
secondary fluorides that form during HF cleansing. The samples were ultrasonicated for 5 
minutes, heated to 150°C on a hotplate for 1 hour and then ultrasonicated for another 5 
minutes. The beakers were then uncapped, attached to Analab© elbow stills, and left at 
150°C to dry for approximately 10 hours. Next, the elbows were removed from the 
beakers and the samples were rinsed and ultrasonicated twice in 1.5N HCl, and twice in 
Milli-Q water. 2 mL of 7N HNO3 was added to the remaining garnet and the samples 
were placed on a hotplate at 120°C for 3 hours, with 5 minutes in the ultrasonic bath after 
every 55 minute interval. After 3 hours, the leachates were decanted and the samples 
were again rinsed and ultrasonicated twice in 1.5N HCl, and twice in Milli-Q water. For 
the final step, 2 mL 6N HCl and 500 μL concentrated HNO3 was added to the remaining 
samples and the samples were ultrasonicated for 5 minutes, heated to 120°C for 50 
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minutes, and then ultrasonicated for another 5 minutes. The leachates were decanted and 
samples were rinsed and ultrasonicated twice in 1.5N HCl and twice in Milli-Q water. 
This entire procedure resulted in sample losses of 48-94%. 
In addition to the cleansed garnet, garnet powders (un-cleaned), whole rocks, and 
matrices were analyzed at each site. For seven sites, a “leached powder” sample was also 
prepared. This procedure involved taking approximately 40 mg of a given garnet powder 
sample and cleaning it with 2 mL of 7N HNO3 for 3 hours on a hotplate at 120°C 
(including 5 minutes in the ultrasonic bath after every 55 minutes on the hotplate). This 
was done in an attempt to clean these fine (< 63 μm) powders, removing REE rich 
phosphate inclusions. It is extremely challenging to clean these fine powders with HF, 
without dissolving all of the garnet along with its silicate inclusions. While we do not 
consider these “leached powders” to be entirely devoid of inclusions, the Sm-Nd 
systematics of these “hybrid” separates is of great interest. All sample weights and for 
NH and CT bulk garnet analyses are shown in Table 3.2. Sample weights for NH zoned 
garnet analyses are in Table 3.3. Sample weights for MA work is in Ostwald (2013). 
3.4.4 Full Dissolution and Column Chemistry 
After partial dissolutions, all samples (clean garnet separates, uncleaned garnet 
powders, leached garnet powders, whole rocks and matrices) were fully dissolved in 1-3 
mL concentrated HF (depending on the size of the sample) and 2 mL 1.5N HCl at 120°C. 
Once there was no more visible sample, the HF mixtures were dried and the samples 
were redissolved in 2 mL concentrated HNO3 and 1 ml HCl at 120°C. When the samples 
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were again fully dissolved, they were dried and then redissolved in 4 mL 1.5N HCl and 
500 μL concentrated nitric.  
After full dissolution, each sample (either the entire sample in the case of most of 
the garnet samples, or an aliquot of the sample) was treated with a mixed 
147
Sm-
150
Nd 
spike and passed through a three stage column procedure: an anion exchange column to 
remove Fe, a TRU-spec column to isolate the REEs, and a hydroxyisobutyric acid 
column to isolate Nd and Sm (Harvey and Baxter, 2009). Procedural blanks were run in 
parallel with each group of seven samples and the blank averages were 16 pg Nd (range: 
40-3.9 pg) and 2.3 pg Sm (range: 5.5-0.63 pg) during the course of this work. These 
blanks are small enough that their effects are negligible. 
3.4.5 Sm-Nd Mass spectrometry 
All Sm-Nd mass spectrometry was performed on a Thermo-Finnigan TRITON in 
the Boston University TIMS Facility. The Nd was loaded with 2 μL of H3PO4 and Ta2O5 
activator slurry and collected in static mode with amplifier rotation as NdO
+
 (Harvey and 
Baxter, 2009). Using this method, repeat 4 ng analyses of our in-house Ames Nd standard 
solution run alongside all samples yielded a long-term mean 
143
Nd/
144
Nd = 0.5121306 ± 
0.0000122 (24.5 ppm 2 RSD, n=152) over the time span of these analyses. 
Furthermore, 8 analyses of 4 ng loads of JNdi run as NdO
+
 yielded a mean 
143
Nd/
144
Nd = 0.512083 ± 0.000011 (22 ppm 2 RSD, n=8) and 13 analyses of 4 ng loads 
of the La Jolla standard run as NdO
+
 yielded a mean 
143
Nd/
144
Nd = 0.5118286 ± 
0.0000032 (6.3 ppm 2 RSD, n=13). Both of these average values are lower (by 0.000032 
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for JNdi and 0.000029 for La Jolla) than the accepted values of 0.512115 ± 0.000007 for 
JNdi (Tanaka et al., 2000) and 0.511858 for La Jolla. This offset is likely related to 
running as NdO
+
 instead of Nd metal (Harvey and Baxter, 2009). All isotopic values 
presented here are uncorrected and although age calculations are unaffected by this slight 
offset, it should be considered when comparing this data to other isotopic datasets. All 
standard data is shown in Appendix A. 
The 
143
Nd/
144
Nd error used for age calculations was either the internal run error (2 
SE) for that sample or the external error of the 4 ng Ames Nd standards run during the 
time period all samples from a given site were run. The analyses within this study took 
place over the course of three years and during this time period the external precision 
varied from ± 0.0000069 to ± 0.0000167 (2 SD). This variation is mostly due to a brief 
(~3 month) period where the absolute 
143
Nd/
144
Nd value of our standard shifted up 
slightly (+0.000009) due to “cup poisoning” caused by calcium analysis on the same 
instrument.  The 
147
Sm/
144
Nd error used was 0.023% based on repeat analyses of a mixed 
gravimetric normal Sm-Nd solution (
147
Sm/
144
Nd = 0.15123 ± 0.00012, n=10; accurate 
within weighing errors of the gravimetric mix) spiked with a calibrated in house mixed 
147
Sm-
150
Nd spike and run through the full column chemical procedures. 
3.4.6 Sample 12OMA2D from Phillipston, MA 
 In addition to the geochronology performed on garnets from New Hampshire and 
Connecticut, additional geochronologic work was completed in Phillipston, MA. This 
work was conducted by former BU undergraduate, Claire Ostwald, with the assistance of 
the author (NS).  Details are described in detail in Ostwald’s undergraduate thesis 
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(Ostwald, 2013). This work was also recently presented at the 2014 Goldschmidt 
Conference (Ostwald et al., 2014). This work is re-presented here as part of the history of 
UHT/HT metamorphic garnet growth in New England. 
 Sample 12OMA2D contained a 24 mm garnet porphyroblast that was drilled into 
six discrete growth zones, with each zone individually dated using the procedures 
described above. Additionally, a group of smaller garnets (referred to as small bulk 
garnet, “SBG”) immediately adjacent to the large garnet, were dated, and four 
representative whole rock and matrix separates were collected and analyzed. These 
details are shown in Figure 3.5. 
 Major and trace element measurements (including Zr-in-rutile concentrations), 
were measured in this sample on the JEOL JXA-8530F field-emission-gun electron 
microprobe at Yale University. Quantitative chemical analysis of 37 rutile grains from 
sample 12OMA2D (within both the large and smaller garnets) was performed using 
wavelength-dispersive x-ray spectrometry (WDS) with an accelerating voltage of 10 kV, 
a focused bean and a current of 150 nA. A given rutile needle needs to be at least 2 μm 
wide for a successful analysis. As a result, most needles were analyzed with a single spot. 
Additionally, major and trace elements were measured along a traverse across the 24 mm 
garnet and one of the small “bulk” garnets. These chemical traverses were conducted 
using an accelerating voltage of 15 kV, a beam size of 5 μm and a current of 100 nA. 
3.4.7 Zircon geochronology 
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 U-Pb isotopic data were acquired on zircons from the two igneous bodies present 
near Bristol, NH: the Concord Granite and the Kinsman Quartz Monzonite, in addition to 
the Coys Hill Granite, collected in Templeton, MA (adjacent to Phillipston, MA). This 
work was conducted by the author (NS) in the lab of Prof. Sam Bowring at MIT.  Zircon 
grains were isolated from samples by standard crushing, heavy liquid, and magnetic 
separation techniques. Once isolated, the zircon grains were examined under a 
microscope and three grains from each sample were selected for analysis. The grains 
selected showed no evidence of multiple generations of growth and thus represent the 
primary crystallization ages of these three igneous intrusions. 
 All grains were subjected to a chemical abrasion (CA-TIMS) technique 
(Mattinson, 2005), in which zircon crystals were placed in quartz crucibles in a muffle 
furnace at 900°C for 60 hours, loaded into Teflon FEP microcapsules and leached in 29 
M HF at 180°C for 12 hours, and then transferred to Savillex beakers and prepared for 
dissolution. Once ready for dissolution, each zircon grain was spiked with a mixed 
205
Pb-
233
U-
235
U tracer, dissolved in 29 M HF at 220°C for 48 hours, and converted to 6 M HCl 
at 180°C for 24 hours. Pb and U were chemically separated using HCl anion exchange 
chemistry modified after Krogh (1973). Pb and U were loaded on single Re filaments 
with a silica gel 0.1 M H3PO4 emitter solution and analyzed on the MIT VG Sector 54 
TIMS. 
3.5 Data 
3.5.1 Bulk garnet ages (NH and CT) 
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All Sm-Nd isotopic data for the bulk garnet work done in Bristol, NH and 
Willington, CT is shown in Table 3.4. Isochrons for the ten bulk garnet analyses done in 
Bristol are shown in Figures 3.6, 3.7, 3.8, 3.9, 3.10, and 3.11. These ten bulk garnet 
samples document garnet growth beginning at 399.2 ± 2.3 Ma and ending at 352.8 ± 1.7 
Ma within the Bristol “hotspot”, with the majority of the garnet growth occurring 
between 392.1 ± 2.2 Ma and 382.9 ± 1.0 Ma. The isochron for the bulk garnet analysis 
done in Willington, CT is shown in Figure 3.12 and gives an age of 340.3 ± 2.1 Ma.  
3.5.2 Zoned garnet ages (NH and MA) 
The timing and duration of large garnet growth in Bristol is constrained by the 
three 1.3-1.6 cm diameter garnets that were microsampled into three or four growth 
zones. This garnet growth occurred between 393.0 ± 1.0 Ma and 386.67 ± 0.86 Ma, most 
likely in two or more distinct pulses. The duration of large garnet growth (i.e. the 
difference in age between core and rim) in each pulse was brief: 1.00 ± 3.16 Ma 
(10BNH7A), 1.37 ± 1.63 Ma (10BNH18B), and 0.40 ± 3.16 (10BNH24). Sm-Nd isotopic 
data for these zoned garnets is shown in Table 3.5 and isochrons are shown in Figure 3.13 
In Phillipston, MA, 6 growth zones from a 24 mm garnet porphyroblast, plus a 
“small bulk garnet” separate were dated. The outer three growth zones of this garnet 
include rutile needles (indicative of UHT growth conditions; Ostwald et al. 2014) and 
produce ages of 371.09 ± 0.97 Ma (zone 4), 366.4 ± 1.0 Ma (zone 5), and 363.74 ± 0.56 
Ma (zone 6, garnet rim). The rutile needles are more concentrated in zones 5 and 6, than 
in zone 4 and also occur in the small bulk garnet, which gives an age of 352.6 ± 4.5 Ma. 
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Sm-Nd isotopic data for sample 12OMA-2D is shown in Table 3.6 and all isochrons are 
shown in Ostwald (2012). 
3.5.3 Zircon ages (NH and MA) 
Samples collected from the Concord Granite and Kinsman Quartz Monzonite in 
Bristol, NH were dated via U-Pb zircon TIMS at 364.03 ± 0.46 Ma and 399.19 ± 0.50 
Ma, respectively. Additionally, three zircon grains were dated from the Coys Hill Granite 
in Templeton, MA(just north of Phillipston, MA) and at least two ages of zircon 
crystallization were revealed; one at 397.0 ± 0.70 Ma and one at 391.25 ± 0.25 Ma. All 
ages reported here (both garnet and zircon) are summarized in Table 3.7 and Figure 3.14. 
The intricacies and interpretations of these ages are discussed in detail in the following 
discussion section. 
3.5.4 Temperatures 
 Peak metamorphic temperatures were determined via phase equilibria modelling 
for sites 1, 3, 5, 7, 11, 15, and 24 in Bristol, NH and range from 730°C to 830°C. This 
work was completed by graduate student collaborator Xu Chu from Yale University and 
will be fully described in Chu’s PhD thesis (in prep). Ague et al. (2013) report 
temperatures of ~1000°C in Willington, CT. This temperature was determined through 
Zr-in-rutile thermometry (e.g. Tomkins et al., 2007; Watson et al., 2006) and 
reintegration of exsolved ternary feldspar compositions (e.g. Marschall et al., 2003; 
Snoeyenbos et al., 1995). The garnet age reported here from Willington, CT comes from 
a sample collected with Ague and confirmed to belong to the same lithology that reached 
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1000°C. Zr-in-rutile thermometry (using the Tomkins et al. (2007) thermometer and a 
pressure of 6.3 kbar) was performed on rutile needles included in garnet from site 
12OMA-2, with calculated temperatures reaching up to 950°C (Ostwald et al., 2014). All 
temperature data is summarized in Table 3.8. 
3.6 Discussion 
The data presented here display a regional trend of increasingly young and higher 
temperature metamorphic conditions from north to south, with ages (and temperatures) of 
393.0 ± 1.0 Ma to 386.67 ± 0.86 Ma (and 820°C) for large garnet growth in New 
Hampshire, 366.4 ± 1.0 Ma to 363.74 ± 0.56 Ma (and 950°C) for the dominant UHT 
event in Massachusetts, and 340.3 ± 2.1 Ma (and ~1000°C) for UHT conditions in 
Connecticut. It has long been accepted that there are granulite facies metamorphic 
regions within the CMT that reached temperatures above 700°C (Chamberlain and 
Rumble, 1988). However, based on the New Hampshire temperature data presented here, 
and the Massachusetts (Ostwald, 2013) and Connecticut (Ague et al., 2013) data 
presented elsewhere, it appears that the CMT contains numerous localized areas of 
UHT/HT metamorphism. These extreme temperatures are well above the temperatures 
predicted by models of conductive thermal relaxation of overthickened crust during 
exhumation (Chamberlain and Sonder, 1990; Clark et al., 2011; England and Thompson, 
1984). Therefore, additional heat sources must be explored to explain the mechanisms 
responsible for these widespread UHT/HT conditions (e.g. Ague and Baxter, 2007; 
Brown, 2006; Clark et al., 2011; Collins, 2002; Nabelek et al., 2010). 
3.6.1 Bristol, NH 
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The focus area for the garnet geochronology presented here is Bristol, NH. 
Chamberlain and Rumble (1988) identified Bristol as one of ten metamorphic hot spots, 
within New England’s Central Maine Terrane. Figure 3.3 shows the locations of the 10 
sites within the Bristol hotspot where garnet ages were determined. Bulk garnet ages 
were determined at all 10 sites. At 7 of the 10 sites, a single age is reported, based on a 5 
or 6 point isochron. These ages range from 399.2 ± 2.3 Ma (site 24) to 382.9 ± 1.0 Ma 
(site 15). At 3 of the 10 sites, there is too much scatter in the garnet isotope data from 
multiple preparations of the same bulk garnet separate to build a single isochron, so two 
ages are reported. At sites 18 and 7, there is no a priori reason to reject either of the two 
ages and consequently, they are interpreted to represent multiple episodes of garnet 
growth. At site 5, the two “leached powder” preparations yielded 147Sm/144Nd ratios close 
to 1.0 and a 5-point isochron age of 394.0 ± 2.9 Ma (MSWD = 1.6) was calculated using 
these two points plus the whole rock, matrix, and un-leached powder. Although this is 
statistically a valid age (Wendt and Carl, 1991), the leached powder samples were not 
cleaned in HF and thus still contain all older inherited silicate inclusions. Because of this, 
the younger age of 386.5 ± 1.7 Ma (MSWD = 1.5) built from two garnet preparations that 
were cleaned in HF, is the accepted garnet age for site 5. The two garnet ages calculated 
at site 7 are 381.2 ± 1.9 Ma (MSWD = 0.87) and 352.8 ±1.7 Ma (MSWD = 1.7) and the 
two garnet ages calculated at site 18 are 389.0 ± 1.1 Ma (MSWD = 1.1) and 368.1 ± 6.2 
Ma (MSWD = 6.6). On the basis of these ages alone, it is evident that the high 
temperature conditions that formed the Bristol hotspot did not occur as a single event, 
and thus alternative hypotheses must be explored. 
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Bulk garnet work was also done at an eleventh site (site 4), which is located less 
than 100 meters from site 5. Despite trying multiple partial dissolution methods, the 
maximum 
147
Sm/
144
Nd ratio measured for this sample was 0.4175 and the multiple whole 
rock and matrix points analyzed from a single hand sample showed significant isotopic 
heterogeneity. For these reasons, the age calculated from this sample is unreliable, but 
these observations are indicative of high temperature, open-system behavior, which is 
supported by the short-lived thermal anomaly hypothesis discussed below. 
In addition to the bulk garnet ages, three >1.3 cm diameter garnets from sites 7, 
18, and 24 were microsampled into concentric growth zones, and each zone was 
individually dated. At site 7, all 3 zones are (within error) the same age and thus can be 
placed on a 4-point isochron with an age of 386.67 ± 0.86 Ma (MSWD = 1.4) and a 
garnet growth duration of 1.00 ± 3.16 Myr. At site 24, all four zones from the drilled 
garnet are also the same age (within error) and yield a 5-point isochron age of 390.6 ± 1.1 
Ma (MSWD = 1.5) and a garnet growth duration of 0.40 ± 3.16 Myr. The microsampled 
garnet from site 18 shows very slight age zonation, and thus the four growth zones cannot 
be placed on a single isochron. Instead two ages are reported: the first is a 3-point 
isochron age for zones 1 and 2 plus the matrix of 393.0 ± 1.0 Ma (MSWD = 1.6) and the 
second is a 3-point isochron age for zones 3 and 4 plus the matrix of 391.12 ± 0.81 Ma 
(MSWD = 0.55). The garnet growth duration for 10BNH18B is 1.37 ± 1.63 Myr. 
According to this data, the largest garnets within the Bristol hot spot each grew rapidly 
with growth spans of just 1.00 ± 3.16, 1.37 ± 1.63, and 0.40 ± 3.16 Myrs.  These occurred 
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in at least two distinct pulses of “large garnet growth”: one culminating at ~391 Ma and 
one centered at ~387 Ma. 
At the three sites where both bulk and zoned garnet ages were determined, the 
bulk and zoned ages do not agree. The garnets used for zoned garnet analyses were 
selected because they were the largest garnets available (allowing for microsampling) and 
the garnet used for the bulk garnet samples was smaller, so the bulk and zoned garnet are 
not sampling the same populations. At sites 18 and 24 the zoned and bulk garnets come 
from different hand samples and at site 7 the bulk and zoned garnet come from a single 
large (45 cm x 10 cm x 20 cm) hand sample. Based on the discrepancy between the bulk 
and zoned garnet ages from these three sites, it can be concluded that growth of the 
smaller garnets occurred both before and after growth of the larger garnets. 
In addition to all of the age data collected, peak metamorphic temperatures were 
calculated via phase equilibrium modelling at sites 1 (830°C), 3 (830°C), 5 (830°C), 7 
(730°C), 11 (800°C), 15 (770°C), and 24 (790°C). (This work was done by Yale graduate 
student Xu Chu.) These temperatures are significantly higher than the peak temperature 
of 700°C reported in Chamberlain and Rumble (1988) and do not align with the 
previously defined metamorphic isograds.  All the temperature and garnet age 
information presented here is shown on the map of Bristol in Figure 3.3, along with a 
modified shape for the highest temperature area(s) of the Bristol hotspot. 
In order to reach these high temperatures during garnet growth, a heat source in 
addition to the heat generated by regional metamorphism (crustal thickening) is 
necessary. Both the Concord Granite and the Kinsman Quartz Monzonite crop out in 
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Bristol and potentially could provide the additional heat required to reach temperatures of 
>830°C. To explore this possibility, samples were collected from both intrusions and 
dated via U-Pb zircon to 364.03 ± 0.46 Ma (Concord) and 399.19 ± 0.50 Ma (Kinsman). 
Based on the zircon ages, neither the Kinsman nor the Concord plutons provided the 
dominant heat source for the dominant garnet growth event in Bristol; however, it is 
possible that the heat came from a pluton that is not currently exposed in the field. Both 
the Spaulding Quartz Diorite and Bethlehem Gneiss outcrop throughout New Hampshire 
(see Figure 3.2) and could have been present near the Bristol hotspot and served as the 
heat source. Reported ages for the Spaulding diorite are 402 ± 5 Ma (Lyons and 
Livingston, 1977) and 392 Ma (Allen, 1997). Reported ages for the Bethlehem gneiss are 
405 ± 78 Ma (Lyons and Livingston, 1977), 407 ± 5 Ma and 410 ±5 Ma (Moench et al., 
1995). Given that intrusions of both the Spaulding and Bethlehem are so widespread 
throughout New Hampshire, it is feasible that different plutons within these igneous 
bodies have slightly different crystallization ages.  
The temperatures and ages reported here indicate there was an “L” shaped region 
of high temperature (>790°C) garnet growth from ~393 to 386 Ma, surrounded by 
slightly cooler (<790°C) and younger ≤ 382 Ma garnet growth. (This is shown in Figure 
3.3.) One possibility for this trend is an “L” shaped localized fluid flow event originating 
from an igneous intrusion at ~393 Ma that heated the “L” shaped region and subsequently 
heated he surrounding area conductively resulting is slightly lower temperature and 
younger garnet growth. However, the “anomalous” bulk garnet age of 399.2 ± 2.3 Ma at 
site 24 within this “L” shaped region does not support this hypothesis. 
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A more likely scenario is that the high temperature metamorphism documented in 
Bristol is not the result of a single hydrothermal/fluid flow event. The range of ages 
throughout the hotspot (and within some individual sites) is too large to represent a single 
pulse of metamorphism. It is more likely that multiple heat sources, in addition to thermal 
relaxation from crustal thickening, are responsible for providing short lived (1-10 Myr) 
high temperature conditions over very localized areas during a longer period (50 Myr) of 
garnet growth. 
One mechanism by which heat may be transferred within the Bristol hotspot is 
compaction driven fluid flow. Tian and Ague (2014) show that fluid channelization 
during compaction can produce short–lived thermal anomalies >100°C via abrupt basal 
heating that causes elevated, pulsating heat fluxes at the contact with an external heat 
source (e.g. a magma intrusion). It is possible for these compaction driven fluid flow 
heating events to occur on an individual-site scale, as long as there is an active heat 
source (in this case, a magma intrusion) close by. This means that a brief high-
temperature garnet growth event could occur at site 3 at 392.1 ± 2.2 Ma and another brief 
high-temperature event could occur at 389.3 ± 2.1 Ma at site 1, resulting in very localized 
high-temperature garnet growth throughout Bristol. In this scenario, Bristol represents a 
series of very localized hotspots representative of high-temperature garnet growth and 
some younger garnet growth event resulting from conductive cooling of these localized 
high temperature events. 
3.6.2 Phillipston, MA 
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Table 3.7 shows the six 4-point isochron ages calculated for the six concentric 
growth zones drilled from a single 24 mm diameter garnet from Phillipston, MA. The 
ages for zones 3 through 6 are 379.9 ± 2.8 Ma, 371.09 ± 0.97 Ma, 366.4 ± 1.0 Ma, and 
363.74 ± 0.56 Ma, respectively. Zones 1 and 2 (the garnet core and the next zone) 
produce erroneously young ages: 311 ± 13 Ma and 353.8 ± 1.8 Ma. As it is impossible 
for the inner two growth zones of this garnet to be younger than the outer four zones, the 
only constraint that can be placed on the initiation of garnet growth is that it occurred 
prior to 379.9 ± 2.8 Ma (the age of zone 3). The meaningless dates calculated for zones 1 
and 2 are likely due to two factors: 1) the current matrix and whole rock do not represent 
the rock isotopic composition from which the zones 1 and 2 grew and equilibrated, and 2) 
the ages from zones 1 and 2 were partially (or completely) reset due to rare earth element 
(REE) diffusional exchange at UHT/HT conditions. The former would imply either a 
locally heterogeneous matrix and/or or matrix that has evolved (perhaps due to open 
system processes) since growth of the garnet core.   
Matrix evolution (or matrix heterogeneity) during garnet growth is a documented 
challenge of garnet geochronology (e.g. Pollington and Baxter 2010). One potential 
solution to this problem is to use the corresponding powder points as the second isochron 
point, instead of the matrix and/or whole rock. This assumes that the inclusions within the 
garnet are the same age as the garnet, which may not necessarily be the case, but in some 
instances may be a more valid assumption that using a matrix or whole rock. 
Unfortunately, in this case the 2-point clean garnet-garnet powder isochrons for zones 1 
and 2 still produce ages that are too young to be accurate (362.5 ± 3.3 Ma, zone 1; 372.6 
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± 1.9 Ma, zone 2) though this does seem to bring the dates closer to conformity with the 
geometric core-to-rim growth constraints, which supports the idea that the matrix itself 
has changed significantly since garnet core growth.  This could be due to open system 
mobilization of Sm and Nd due to partial melting as UHT conditions were approached. 
The second factor potentially affecting the calculated ages of zones 1 and 2 is the 
UHT event documented by rutile needles present in the outer zones of the garnet. The 
extreme temperatures (~950°C) during the initial stages of growth of zones 4-6 
(documented by Zr-in-rutile thermometry within zones 4-6 and the small bulk garnet) 
resulted in some diffusive resetting of zones 1 and 2. This is shown by the flattened major 
element profiles in these inner zones (Ostwald, 2013).  However, partial resetting (re-
equilibration) of inner garnet zones at UHT conditions would not have occurred any later 
than 363.74 ± 0.56 Ma (Zone 6 age); still not young enough to account for spurious dates 
calculated for zones 1 and 2. 
If the ages from zones 1 and 2 are ignored, the 24 mm diameter garnet from 
Phillipston, MA records garnet ages from 379.9 ± 2.8 Ma to 363.74 ± 0.56 Ma and the 
small bulk garnet provides an age of 352.6 ± 4.5 Ma. Zones 4, 5 and 6, as well as the 
small bulk garnet, all contain rutile needles for which Zr-in-rutile thermometry yields 
temperatures up to 950°C (Ostwald et al., 2014). While rutile needles were present in 
zone 3, they were less abundant and smaller. As a result, no successful Zr concentrations 
measurements were made and consequently no temperatures have been calculated for that 
zone. It is also worth noting that the abundance of rutile needles in zone 4 is significantly 
less than in zones 5 and 6 and the small bulk garnet. Given that some major element 
124 
 
 
zoning exists through zones 3-6 in the large garnet and within the small bulk garnets 
(shown in Ostwald 2013) it is extremely unlikely that the UHT conditions persisted for 
this entire 27 Myr time period. Based on the diffusion rates presented in Carlson (2006), 
the Fe, Mg, Mn, and Ca profiles would be flat if these garnets were at 950° for 27 Myr. 
One explanation for these data is that the UHT conditions occurred from 379.9 ± 
2.8 Ma to 363.74 ± 0.56 Ma (the ages recorded by zones 3-6 in the large garnet) and the 
small bulk garnet age (352.6 ± 4.5 Ma) records the timing at which these smaller garnets 
cooled through closure and does not represent a prograde growth age. If this is the case, a 
cooling rate of ~27ºC/Ma can be calculated using the difference in the ages of the rim of 
the larger garnet and the bulk garnets (and assuming a closure temperature of 650ºC for 
Nd in garnet). As the bulk garnets are smaller, and more susceptible to diffusive resetting, 
this scenario is possible. However, given this cooling rate, and the increased 
temperatures, it is also likely that the outer zones of the larger garnet would have been 
partially reset, and their ages are in fact older than calculated (and thus the duration of 
garnet growth between zone 3 and zone 6 is shorter). The problem with this scenario is 
that 17 Myr is still too long for UHT conditions to persist, given the major element 
zoning preserved in the large garnet. It is more likely that the UHT conditions observed 
here occurred in pulses during this time period and the garnet was only exposed to these 
high temperatures for < 1 Myr at a time. In these conditions it would be possible to grow 
garnet at high temperatures and largely preserve major element zoning. In this scenario, 
the small bulk garnet age may represent a final pulse of UHT metamorphism. 
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As stated above, an additional heat source is needed to achieve these UHT 
conditions, even for brief durations. The Phillipston sample comes from the Littleton 
Formation, which is a pelitic schist that extends from New Hampshire, through 
Massachusetts and into Connecticut. A potential heat source for these UHT pulses is the 
Coys Hill Granite, which is a narrow (~1 km wide) north-south trending intrusion that 
extends the entire length of Massachusetts. A sample of the Coys Hill Granite was 
collected in Templeton, MA about 4 km northeast of the Phillipston. U-Pb zircon 
geochronology was performed on three zircon grains from this sample. One grain records 
an age of 391.25 ± 0.25 Ma and the other two converge at 397.0 ± 0.70 Ma. Three zircon 
grains that do not yield overlapping ages is not a sufficient constraint on the 
crystallization age of the Coys Hill Granite, but this data does show that there are, likely, 
at least two populations of zircon growth. While these two ages show that the Coys Hill 
Granite may be too old to be the heat source for the HT/UHT garnet growth in 
Phillipston, it is possible there is another age population present. It is also possible that 
the garnet ages in Phillipston are cooling ages and the 391 Coys Hill age is responsible 
for the heating event, however no ~391 Ma garnet growth ages are preserved. 
Previous U-Pb zircon work has been performed on two other igneous intrusions 
relatively close to Phillipston: the Hardwick hornblende tonalite in Hardwick, MA has 
been dated to 360 ± 1 and 361 ± 2 Ma and the Wachusett tonalite at Calamint Hill in 
Princeton, MA has been dated to 359 ± 1 Ma (Robinson and Tucker, 1992; Tucker and 
Robinson, 1995). These ages are too young to have been the source of the UHT garnet 
growth within the large garnet, but could be a contributing heat source for the small bulk 
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garnet growth. More significantly, when combined with the new Coys Hill Granite age 
presented here, these ages outline a period of plutonism occurring from 399 to 359 Ma, 
within and surrounding the Littleton Formation in Massachusetts. This plutonism needs 
to be further characterized and constrained in order to identify whether and how it could 
be the source of the UHT conditions reflected in garnet growth in Phillipston. 
3.6.3 Willington, CT 
Ague et al. (2013) identified the Brimfield Schist (Willington, CT) as the first 
documented regional UHT locality in the United States. Through Zr-in-rutile 
thermometry, ternary feldspar compositions and pseudosection analysis, it was 
determined that these rocks reached temperatures of ~1000°C, at a minimum pressure of 
~1 GPa. In this study, the age of garnets in the Brimfield Schist is determined to be 340.3 
± 2.1 Ma. This is much younger than the high-grade metasedimentary tectonic blocks 
within the Willimantic fault zone, just south of Willington, CT, determined by a monazite 
U-Pb age of 403 ± 1 Ma and a monazite-garnet Sm-Nd age of 405 ± 13 Ma (Getty and 
Gromet, 1992). Additionally, mylonitic amphibolites within the Willimantic dome 
(further south) yield statistically similar Sm-Nd, Rb-Sr, and U-Pb mineral isochron ages 
of 272 ± 7 Ma, 274 ± 15 Ma, and 258 ± 6 Ma, implying that these rocks were completely 
recrystallized during the Alleghanian lower amphibolite-grade northwest-southeast 
oriented ductile stretching (Getty and Gromet, 1992). The 340.3 ± 2.1 Ma garnet age 
from Willington implies that the garnet record was unaffected by this Alleghanian 
activity because the garnet did not recrystallize of diffusionally re-equilibrate after 340.3 
± 2.1 Ma. 
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The 1000°C temperature recorded for this garnet age is well above the 650-750°C 
closure temperature for Nd in garnet (e.g. Tirone et al., 2005), which means 340.3 ± 2.1 
Ma is a cooling age, representing when the garnet cooled through its closure temperature. 
With this garnet age alone it is not possible to constrain the duration of the UHT 
conditions. The garnet age could be recording a rapid cooling age from a brief pulse of 
UHT metamorphism at 340 or slow cooling from UHT conditions that began some time 
before 340 Ma. The is no additional evidence for a UHT event at 340 Ma close to 
Willington, CT, so the later scenario of slow cooling from an earlier UHT event is the 
most likely. U-Pb ages of 363 ± 1 Ma and 367 ± 2 Ma have been reported from 
metamorphic monazite from schists in south-central Massachusetts (Thompson et al., 
1992). Also in Massachusetts, zircon ages of 360 ± 1 Ma and 361 ± 2 Ma have been 
reported for the Hardwick hornblende tonalite and the enclosed porphyritic gneiss 
(Robinson and Tucker, 1992; Tucker and Robinson, 1995), and 359 ± 1 Ma for the 
Wachusett Tonalite (Robinson et al., 1998). Current work is being done by Prof. Jay 
Ague’s research group at Yale University to determine if the igneous and metamorphic 
activity at ~360 Ma in Massachusetts extended into Connecticut and if there would have 
been enough heat to produce potentially long-lived (~40 Myr) UHT conditions. 
As this 6-point isochron age is constructed from three garnet analyses, two whole 
rock analyses, and one matrix analysis from a single hand sample, with no significant 
scatter, the sample analyzed is interpreted to have cooled through closure at a single time. 
In order to test whether UHT conditions existed at 340 Ma for only a brief time (such as 
was observed in the New Hampshire hotspot), or began at ~360 Ma, followed by a period 
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of long, slow cooling zoned garnet geochronology within the Willington, CT field area is 
recommended. 
3.6.4 UHT/HT metamorphism throughout New England 
 The detailed geochronologic work performed on rocks from Bristol, NH, 
Phillipston, MA and Willington, CT will help unravel the complex metamorphic history 
of New England’s Central Maine Terrane. Figure 3.15 is a histogram of all of the garnet 
and zircon ages reported here binned into 4 Myr increments. This displays the dominant 
~392-388 Ma NH garnet growth event (discussed above) with secondary garnet growth 
occurring both before and after this event. In addition to the metamorphic activity from 
400 to 384 Ma, there are continued ages of igneous zircon and UHT/HT garnet growth at 
all three locations after 384 Ma. Ages younger than 384 Ma are no longer considered to 
be part of the Acadian orogeny and instead part of a Neo-Acadian metamorphic event 
documented to have occurred between the Acadian and Alleghanian orogenies (Robinson 
et al., 1998). The data presented here suggests that this Neo-Acadian metamorphism was 
fairly long lived (380 to 340 Ma), but included numerous distinct HT/UHT pulses 
beginning in the north at ~386 Ma. 
 In order to reach temperatures of 1000°C (in CT) and 950°C (in MA), thermal 
inputs well beyond the thermal relaxation of overthickened crust during exhumation (e.g. 
Chamberlain and Sonder, 1990; Clark et al., 2011) must be present. Conductive heating 
from granitic intrusions and associated advective fluid flow  and compaction driven fluid 
flow (Tian and Ague, 2014) coupled with overthickened crust concentrated in U and Th 
may be sufficient to produce the >800°C temperatures observed in NH, but additional 
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heat is required to reach the UHT conditions seen in MA and CT. One potential heat 
source is mafic magmatism, but no mafic intrusions are observed near Phillipston, MA 
and only limited occurrences of norite outcrop in Willington, CT (Ague and Eckert, 
2012). 
 Alternatively, the style of plutonism and high heat flow observed here could be 
explained by lithospheric delamination. Pyle et al. (2005) observe distinct generations of 
monazite growth within the Chesham Pond Nappe in NH and propose a tectonic model 
involving lithospheric mantle delamination, followed by asthenospheric upwelling. A 
similar model could be used to explain the tectonics of central MA and northeast CT. In 
the Pyle et al. (2005) model a thermal perturbation from underplated asthenosphere 
migrates through the crust and is documented by two distinct high-temperature, low-
pressure monazite domains at 381 ± 8 Ma and 372 ± 6 Ma. At ~355 Ma the Chesham 
Pond Nappe is thrust westward over the Fall Mountain Nappe resulting in cooling, melt-
crystallization and the formation of a final monazite domain at 352 ± 14 Ma. The 
Chesham Pond thrust is mapped through MA and into CT (Robinson et al., 1998) 
allowing for the possibility that the UHT conditions observed in MA and CT may 
partially be attributed to additional heating from a mantle source. 
 Another potential heat source is slab detachment. This is observed in the Vermont 
Appalachians where ~370 Ma granitic intrusions are observed within 440-420 Ma 
extensional sedimentary units. Coish (2010) proposed that these intrusions formed as a 
result of slab detachment and partial melting of the mantle lithosphere following the 
collision of Laurentia and Avalonia. It is possible that this same slab detachment is 
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recorded at younger ages farther south in MA and CT if the detachment and partial 
melting actually occurred later in the south or the ages in MA and CT are cooling ages 
and because they represent deeper portions of the crust, with garnet ages recording 
cooling through closure temperature. 
3.7 Conclusions 
 The dataset presented here constrains the timing and duration of UHT/HT garnet 
growth within New England’s Central Maine Terrane in three locations: Bristol NH, 
Phillipston, MA, and Willington, CT. Ten bulk garnet ages from Bristol, NH document 
garnet growth beginning at 399.2 ± 2.3 Ma and ending at 352.8 ± 1.7 Ma, with the 
dominant garnet growth event between ~392 and 388 Ma. Three >1.3 cm diameter garnet 
porphyroblasts from Bristol were microsampled into 3 or 4 distinct growth zones and 
each zone was individually dated. This revealed at least two large garnet growth events 
beginning at 393.0 ± 1.0 Ma and ending at 386.67 ± 0.86 Ma. Garnet growth durations 
for the three microsampled garnets are 1.00 ± 3.16 Myr, 1.37 ±1.63 My, and 0.40 ± 3.16 
Myr. This dataset shows that the Bristol hotspot was not formed by a single pulse of 
metamorphic fluids focused through a fracture system, as proposed by Chamberlain and 
Rumble (1988), and instead represents multiple, ultra-localized (~1 km), short-lived (≤ 
1.5 Myr), high-temperature (~830°C) garnet growth events. A potential heat source for 
these observations is metamorphic thermal pulses caused by compaction driven fluid 
flow (i.e. Tian and Ague, 2014) derived from the igneous intrusions of the New 
Hampshire Plutonic series.  
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Additionally, a bulk garnet age of 340.3 ± 2.1 Ma is reported for the newly 
discovered regional UHT (~1000°C) locality in Willington, CT (Ague et al., 2013). This 
is interpreted as a cooling age from an earlier UHT event that has yet to be identified. A 
second recently discovered UHT (>950°) locality in Phillipston, MA (Ostwald, 2013) is 
also discussed here and this event falls in between the garnet growth in Bristol and 
Willington spatially, temporally, and thermally. This entire dataset employs high-
precision garnet analyses and microsampling to identify multiple UHT/HT garnet growth 
events within a long-lived (~60 Myr) period of regional metamorphism within the Central 
Maine Terrane.  
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Table 3.1: Sample Locations 
Sample ID Location Latitude Longitude 
09BNH1A Bristol, NH N 43°36'4.7" W 71°43'7.0" 
10BNH3C Bristol, NH N 43°35'48.0" W 71°41'36.3" 
10BNH4C Bristol, NH N 43°36'29.5" W 71°43'41.9" 
10BNH5A Bristol, NH N 43°36'26.1" W 71°43'39.1" 
10BNH6A Bristol, NH N 43°37'35.6" W 71°43'32.5" 
10BNH7A Bristol, NH N 43°36'10.0" W 71°42'51.8" 
10BNH11A Bristol, NH N 43°37'39.0" W 71°43'29.9" 
10BNH13A Bristol, NH N 43°34'6.5" W 71°44'25.8" 
10BNH15B Bristol, NH N 43°36'27.2" W 71°43'49.7" 
10BNH18A+B Bristol, NH N 43°37'19.6" W 71°43'57.7" 
10BNH24C+D Bristol, NH N 43°37'23.5" W 71°43'32.8" 
13SNH25          
Concord Granite 
Bristol, NH N 43°40'28" W 71°45'17" 
13SNH28 Kinsman 
Quartz Monzonite 
Bristol, NH N 43°37'12" W 71°37'59" 
11SCT1A Willington, CT N 41°52'11.6" W 72°16'34.2" 
12OMA2D Phillipston, MA N 42°32'4.8" W 72°6'7.7" 
12OMA1A         
Coys Hill Granite 
Templeton, MA N 42°34'3.6" W 72°5'32.5" 
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Table 3.2: sample weights for NH & CT bulk garnet analyses 
 
sample 
sample type               
(PD recipe) 
starting 
weight (mg) 
post-PD 
weight (mg) 
% lost 
during PD 
09BNH1A GT (90HF+AR) 201.48 12.83 94 
09BNH1A GT (120HF+AR) 144.40 15.17 89 
09BNH1A WR 133.81 
  09BNH1A MTX 58.98 
  09BNH1A LP 51.07 38.11 25 
09BNH1A PWD 76.06     
10BNH3C GT (90HF+AR) 199.72 33.58 83 
10BNH3C GT (120HF+AR) 315.39 70.40 78 
10BNH3C WR 116.72 
  10BNH3C MTX 90.91 
  10BNH3C LP 55.96 36.80 34 
10BNH3C PWD 57.59     
10BNH4C GT (30HF) 53.01 39.64 25 
10BNH4C GT (60HF) 89.62 50.37 44 
10BNH4C GT (90HF) 237.53 91.90 61 
10BNH4C WR1-1 98.57 
  10BNH4C WR1-2 90.05 
  10BNH4C WR2 87.45 
  10BNH4C WR3 100.69 
  10BNH4C MTX 104.01 
  10BNH4C PWD 70.88     
10BNH5A GT1 (90HF+AR) 189.73 15.01 92 
10BNH5A GT2 (90HF+AR) 317.48 91.51 71 
10BNH5A WR 129.07 
  10BNH5A MTX 75.76 
  10BNH5A LP1 47.67 31.85 33 
10BNH5A LP2 107.18 72.84 32 
10BNH5A PWD 42.38     
10BNH6A GT (60HF+AR) 173.88 75.45 57 
10BNH6A GT (120HF+AR) 214.58 31.03 86 
10BNH6A WR 102.21 
  10BNH6A MTX 90.71 
  10BNH6A LP 37.43 24.78 34 
10BNH6A PWD 89.08     
10BNH7A GT (60HF+AR) 237.61 124.67 48 
10BNH7A GT (90HF+AR) 379.67 152.08 60 
10BNH7A WR 135.97 
  10BNH7A MTX 122.32 
  10BNH7A LP 28.57 21.90 23 
10BNH7A PWD 94.00 
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Table 3.2 (continued): sample weights for NH & CT bulk garnet analyses 
sample 
sample type           
(PD recipe) 
starting 
weight (mg) 
post-PD 
weight (mg) 
% lost 
during PD 
10BNH11A GT (120HF+AR) 250.56 62.72 75 
10BNH11A GT (150HF+AR) 314.05 53.97 83 
10BNH11A WR 59.87 
  10BNH11A MTX 61.21 
  10BNH11A PWD 56.65     
10BNH13A GT (60HF+AR) 101.10 43.17 57 
10BNH13A GT (90HF+AR) 141.26 30.84 78 
10BNH13A WR 41.32 
  10BNH13A MTX 60.27 
  10BNH13A PWD 56.03     
10BNH15B GT (60HF+AR) 177.94 77.97 56 
10BNH15B GT (90HF+AR) 177.38 44.05 75 
10BNH15B GT (130HF+AR) 228.05 44.29 81 
10BNH15B WR 51.61 
  10BNH15B MTX 60.00 
  10BNH15B PWD 57.64     
10BNH18A GT (60HF+AR) 282.84 104.31 63 
10BNH18A GT (90HF+AR) 210.48 77.53 63 
10BNH18A WR 106.04 
  10BNH18A MTX 165.47 
  10BNH18A LP 42.84 18.27 57 
10BNH18A PWD 84.89     
10BNH24D GT (60HF+AR) 205.12 65.36 68 
10BNH24D GT (90HF+AR) 210.76 61.45 71 
10BNH24D WR 205.07 
  10BNH24D MTX 206.88 
  10BNH24D LP 31.54 19.81 37 
10BNH24D PWD 205.48     
11SCT1A GT1 (120HF + AR) 197.45 12.81 94 
11SCT1A GT2 (120HF + AR) 146.01 6.36 96 
11SCT1A GT3 (60HF + AR) 272.86 63.40 77 
11SCT1A WR1 24.30 
  11SCT1A WR2 21.97 
  11SCT1A MTX 107.01 
  11SCT1A LP 85.30 55.11 35 
11SCT1A PWD 53.27 
  
Abbreviations: PD = partial dissolution, GT = garnet, HF = hydroflouric acid, AR 
= aqua regia, WR = whole rock, MTX = matrix, LP = leached garnet powder, 
PWD = garnet powder 
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Table 3.3: Sample weights for NH zoned garnet analyses.  
All zoned garnet samples were cleaned in HF for 90 minutes. 
sample sample type 
starting 
weight (mg) 
post-PD 
weight 
(mg) 
% lost 
during PD 
10BNH7A GT zone 1 (core) 111.18 45.66 59 
10BNH7A GT zone 2 97.69 39.71 59 
10BNH7A GT zone 3 (rim) 190.24 90.97 52 
10BNH7A zone 1 PWD 39.52 
  10BNH7A zone 2 PWD 43.83 
  10BNH7A zone 3 PWD 37.36 
  10BNH7A MTX 70.35     
10BNH18B GT zone 1 (core) 67.08 27.24 59 
10BNH18B GT zone 2 80.70 32.83 59 
10BNH18B GT zone 3 78.04 29.00 63 
10BNH18B GT zone 4 (rim) 104.46 39.93 62 
10BNH18B zone 1 PWD 37.50 
  10BNH18B zone 2 PWD 33.19 
  10BNH18B zone 3 PWD 36.58 
  10BNH18B zone 4 PWD 34.32 
  10BNH18B MTX 48.34     
10BNH24C GT zone 1 (core) 123.17 37.44 70 
10BNH24C GT zone 2 77.84 30.67 61 
10BNH24C GT zone 3 97.73 30.56 69 
10BNH24C GT zone 4 (rim) 19.94 9.99 50 
10BNH24C zone 1 PWD 44.58 
  10BNH24C zone 2 PWD 50.37 
  10BNH24C zone 3 PWD 48.02 
  10BNH24C zone 4 PWD 42.26 
  10BNH24C MTX 87.44     
Abbreviations: GT = garnet, WR = whole rock, MTX = matrix,  
PWD = garnet powder 
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Table 3.4: All Sm-Nd data for bulk garnet analyses from NH and CT 
sample 
sample type           
(PD recipe) 
loaded on 
TIMS Sm 
ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng 
Sm 
ng 
Nd 
09BNH1A 
GT 
(90HF+AR) 
11.1 6.20 0.864 0.483 1.082 0.514413 0.000023 
09BNH1A 
GT 
(120HF+AR) 
16.9 7.84 1.11 0.517 1.301 0.5149490 0.0000071 
09BNH1A WR 19.6 109 8.88 49.3 0.1089 0.5119105 0.0000045 
09BNH1A MTX 17.5 92.0 8.92 46.9 0.1150 0.5119275 0.0000064 
09BNH1A LP 32.9 133 3.64 14.8 0.1493 0.5120231 0.0000034 
09BNH1A PWD 18.3 86.3 9.16 43.3 0.1281 0.511976 0.000010 
10BNH3C 
GT 
(90HF+AR) 
19.9 12.8 0.591 0.381 0.9376 0.514039 0.000024 
10BNH3C 
GT 
(120HF+AR) 
38.1 18.1 0.542 0.257 1.276 0.5149250 0.0000082 
10BNH3C WR 7.68 40.9 7.47 39.8 0.1136 0.5119216 0.0000073 
10BNH3C MTX 17.4 93.3 7.89 42.2 0.1130 0.5119340 0.0000076 
10BNH3C LP 17.5 90.5 8.63 44.6 0.1170 0.511957 0.000010 
10BNH3C PWD 9.66 50.8 15.1 79.4 0.1149 0.511942 0.000011 
10BNH4C GT (30HF) 6.63 10.2 0.171 0.264 0.3924 0.5126593 0.0000076 
10BNH4C GT (60HF) 8.67 12.2 0.176 0.247 0.4307 0.5127540 0.0000067 
10BNH4C GT (90HF) 7.81 10.0 0.159 0.204 0.4715 0.5128445 0.0000078 
10BNH4C WR1-1 5.66 33.3 0.214 1.26 0.1029 0.5119359 0.0000052 
10BNH4C WR1-2 3.69 20.3 0.184 1.01 0.1101 0.5119509 0.0000079 
10BNH4C WR2 15.9 79.7 0.596 2.99 0.1204 0.5119672 0.0000051 
10BNH4C WR3 10.4 57.2 0.410 2.26 0.1097 0.5119407 0.0000054 
10BNH4C MTX 2.98 15.2 0.140 0.715 0.1187 0.5119501 0.0000067 
10BNH4C PWD 10.6 34.8 0.507 1.66 0.1844 0.5121192 0.0000050 
10BNH5A 
GT1 
(90HF+AR) 
26.1 9.70 0.285 0.106 1.627 0.515807 0.000011 
10BNH5A 
GT2 
(90HF+AR) 
23.5 9.31 0.299 0.118 1.527 0.515551 0.000020 
10BNH5A WR 3.10 13.4 1.48 6.42 0.1396 0.5120380 0.0000053 
10BNH5A MTX 3.82 20.2 0.129 0.687 0.1141 0.511969 0.000011 
10BNH5A LP1 9.28 6.23 0.313 0.210 0.9006 0.514015 0.000017 
10BNH5A LP2 21.3 12.5 0.293 0.171 1.035 0.514341 0.000014 
10BNH5A PWD 9.58 21.5 0.653 1.47 0.2693 0.512385 0.000012 
10BNH6A 
GT 
(60HF+AR) 
60.6 65.5 1.61 1.74 0.5604 0.5130871 0.0000054 
10BNH6A 
GT 
(120HF+AR) 
45.3 53.8 1.46 1.73 0.5099 0.5129543 0.0000050 
10BNH6A WR 16.1 89.5 7.11 39.6 0.1087 0.5119337 0.0000044 
10BNH6A MTX 18.3 104 9.10 51.9 0.1061 0.5119328 0.0000044 
10BNH6A LP 7.11 22.0 2.55 7.87 0.1957 0.512178 0.000011 
10BNH6A PWD 11.8 54.9 6.00 27.9 0.1303 0.5119976 0.0000071 
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Table 3.4 (continued): All Sm-Nd data for bulk garnet analyses from NH and CT 
sample 
sample type           
(PD recipe) 
loaded on 
TIMS Sm 
ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng 
Sm 
ng 
Nd 
10BNH7A 
GT 
(60HF+AR) 
33.6 13.0 1.33 0.513 1.565 0.515575 0.000017 
10BNH7A 
GT 
(90HF+AR) 
30.1 10.3 1.12 0.386 1.760 0.515757 0.000018 
10BNH7A WR 20.0 110 9.47 52.1 0.1100 0.5119350 0.0000059 
10BNH7A MTX 19.8 109 7.22 39.8 0.1097 0.5119466 0.0000083 
10BNH7A LP 13.7 51.0 4.65 17.3 0.1626 0.5120737 0.0000049 
10BNH7A PWD 14.4 65.1 8.95 40.6 0.1335 0.5120039 0.0000075 
10BNH11A 
GT 
(120HF+AR) 
49.6 52.1 1.58 1.66 0.5762 0.5131535 0.0000055 
10BNH11A 
GT 
(150HF+AR) 
41.0 43.3 1.52 1.60 0.5733 0.5131426 0.0000052 
10BNH11A WR 50.9 88.7 5.11 29.7 0.1042 0.5119406 0.0000035 
10BNH11A MTX 53.2 94.7 4.39 26.0 0.1019 0.5119342 0.0000035 
10BNH11A PWD 31.7 73.6 7.94 36.8 0.1305 0.5120160 0.0000048 
10BNH13A 
GT 
(60HF+AR) 
113 42.9 2.61 0.995 1.586 0.5156896 0.0000069 
10BNH13A 
GT 
(90HF+AR) 
69.2 27.8 2.24 0.903 1.504 0.5154893 0.0000043 
10BNH13A WR 8.94 55.0 4.63 28.5 0.09824 0.5119569 0.0000042 
10BNH13A MTX 14.8 82.9 3.68 20.6 0.1083 0.5119711 0.0000062 
10BNH13A PWD 14.5 63.0 7.08 30.8 0.1389 0.5120586 0.0000065 
10BNH15B 
GT 
(60HF+AR) 
99.4 81.8 1.27 1.05 0.7345 0.5135238 0.0000052 
10BNH15B 
GT 
(90HF+AR) 
58.0 40.3 1.32 0.915 0.8700 0.5138682 0.0000056 
10BNH15B 
GT 
(130HF+AR) 
52.2 25.3 1.18 0.571 1.249 0.5148156 0.0000081 
10BNH15B WR 21.8 108 11.4 56.2 0.1221 0.5119951 0.0000045 
10BNH15B MTX 16.3 74.9 7.92 36.4 0.1316 0.5120098 0.0000044 
10BNH15B PWD 24.6 126 25.4 131 0.1176 0.5119814 0.0000048 
10BNH18A 
GT 
(60HF+AR) 
36.1 10.5 1.19 0.343 2.091 0.5167609 0.0000062 
10BNH18A 
GT 
(90HF+AR) 
23.6 6.95 0.688 0.202 2.056 0.516936 0.000013 
10BNH18A WR 16.9 93.3 3.99 22.0 0.1095 0.5119747 0.0000081 
10BNH18A MTX 9.99 55.7 3.25 18.1 0.1085 0.5119775 0.0000095 
10BNH18A LP 4.85 11.0 3.91 8.85 0.2673 0.512404 0.000019 
10BNH18A PWD 20.5 76.8 6.87 25.8 0.1611 0.5121041 0.0000088 
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Table 3.4 (continued): All Sm-Nd data for bulk garnet analyses from NH and CT 
sample 
sample type           
(PD recipe) 
loaded on 
TIMS Sm 
ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng 
Sm 
ng 
Nd 
10BNH24D 
GT 
(60HF+AR) 
17.8 11.0 0.568 0.352 0.9772 0.514237 0.000012 
10BNH24D 
GT 
(90HF+AR) 
17.0 8.88 0.619 0.324 1.157 0.5147065 0.0000079 
10BNH24D WR 20.7 112 11.7 63.0 0.1121 0.5119812 0.0000048 
10BNH24D MTX 20.8 115 11.6 64.1 0.1098 0.5119673 0.0000058 
10BNH24D LP 22.9 104 7.93 35.9 0.1338 0.5120365 0.0000062 
10BNH24D PWD 20.7 100 11.4 55.4 0.1247 0.5120013 0.0000062 
11SCT1A 
GT1 
(120HF+AR) 
54.5 30.5 4.25 2.38 1.080 0.514162 0.000013 
11SCT1A 
GT2 
(120HF+AR) 
11.9 11.2 1.87 1.76 0.6409 0.5131679 0.0000054 
11SCT1A 
GT3 
(60HF+AR) 
87.6 43.2 4.61 2.27 1.226 0.5144624 0.0000046 
11SCT1A WR1 22.1 60.3 10.6 57.9 0.1110 0.5119901 0.0000082 
11SCT1A WR2 18.9 51.7 9.28 50.7 0.1108 0.5119978 0.0000051 
11SCT1A MTX 13.7 84.6 6.52 40.3 0.0979 0.5119489 0.0000051 
11SCT1A LP 46.0 80.6 15.4 67.4 0.1381 0.5120289 0.0000054 
11SCT1A PWD 20.8 98.7 19.1 90.4 0.1277 0.5120101 0.0000087 
Abbreviations: PD = partial dissolution, GT = garnet, HF = hydrofluoric acid, AR = aqua regia,  
WR = whole rock, MTX = matrix, LP = leached garnet powder, PWD = garnet powder 
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Table 3.5: All Sm-Nd data for zoned garnet analyses from Bristol, NH 
sample sample type 
loaded on 
TIMS Sm 
ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng 
Sm 
ng 
Nd 
10BNH7A 
GT zone 1 
(core) 
32.2 9.49 0.706 0.208 2.054 0.516861 0.000039 
10BNH7A GT zone 2 25.1 9.09 0.631 0.229 1.669 0.5158882 0.0000077 
10BNH7A GT zone 3 (rim) 45.5 17.9 1.11 0.437 1.533 0.5155531 0.0000036 
10BNH7A zone 1 PWD 6.27 24.7 3.04 11.9 0.1538 0.5120630 0.0000055 
10BNH7A zone 2 PWD 11.7 54.5 5.97 27.8 0.1296 0.5119946 0.0000039 
10BNH7A zone 3 PWD 16.9 84.1 8.67 43.1 0.1216 0.5119845 0.0000038 
10BNH7A MTX 10.9 58.3 5.22 28.0 0.1128 0.5119514 0.0000040 
10BNH18B 
GT zone 1 
(core) 
55.1 27.2 4.05 2.00 1.224 0.5148318 0.0000074 
10BNH18B GT zone 2 72.5 29.6 4.42 1.80 1.483 0.5155043 0.0000034 
10BNH18B GT zone 3 73.5 31.3 5.07 2.16 1.419 0.5153235 0.0000037 
10BNH18B GT zone 4 (rim) 69.1 22.6 6.93 2.26 1.853 0.5164333 0.0000064 
10BNH18B zone 1 PWD 21.3 85.6 10.3 41.2 0.1509 0.5120944 0.0000049 
10BNH18B zone 2 PWD 19.3 82.6 11.7 50.2 0.1411 0.512059 0.000012 
10BNH18B zone 3 PWD 14.6 77.5 14.2 75.2 0.1143 0.5119951 0.0000040 
10BNH18B zone 4 PWD 21.0 107 10.6 54.1 0.1185 0.5119939 0.0000040 
10BNH18B MTX 20.6 117 5.94 33.6 0.1068 0.5119612 0.0000041 
10BNH24C 
GT zone 1 
(core) 
34.6 26.6 0.924 0.709 0.7879 0.5136676 0.0000093 
10BNH24C GT zone 2 62.2 35.6 2.03 1.16 1.058 0.5143582 0.0000066 
10BNH24C GT zone 3 92.3 40.4 3.02 1.32 1.381 0.5151941 0.0000069 
10BNH24C GT zone 4 (rim) 58.5 18.6 5.86 1.86 1.908 0.516529 0.000021 
10BNH24C zone 1 PWD 12.9 64.6 6.45 32.4 0.1205 0.5119689 0.0000082 
10BNH24C zone 2 PWD 21.7 110 15.9 80.8 0.1193 0.5119470 0.0000043 
10BNH24C zone 3 PWD 14.1 65.3 12.4 57.5 0.1305 0.5119877 0.0000040 
10BNH24C zone 4 PWD 15.3 83.7 13.4 73.2 0.1109 0.5119328 0.0000053 
10BNH24C MTX 10.2 59.1 7.75 44.9 0.1046 0.5119248 0.0000074 
Abbreviations: GT = garnet, WR = whole rock, MTX = matrix, PWD = garnet powder 
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Table 3.6: All Sm-Nd data from sample 12OMA2D from Phillipston, MA samples 
TIMS 
user* 
sample type 
loaded on 
TIMS Sm 
ppm 
Nd 
ppm 
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
± 2 SE 
(abs) ng 
Sm 
ng 
Nd 
CO 
GT zone 1 
(core) 
24.6 24.5 1.10 1.09 0.6084 0.5131668 0.0000081 
CO GT zone 2 55.7 29.8 1.56 0.833 1.131 0.514486 0.000010 
CO GT zone 3 104 28.6 2.25 0.621 2.197 0.5172932 0.0000080 
CO GT zone 4 40.8 7.14 4.40 0.770 3.454 0.520236 0.000020 
CO GT zone 5 23.5 3.97 6.79 1.15 3.584 0.520447 0.000022 
CO 
GT zone 6    
(rim) 
43.0 4.12 3.29 0.315 6.313 0.526888 0.000022 
CO 
SBG             
(small bulk 
garnet) 
13.0 7.33 1.87 1.05 1.070 0.514340 0.000026 
NS zone 1 PWD 29.0 135 7.11 33.1 0.1300 0.5120311 0.0000035 
NS zone 2 PWD 30.9 116 7.51 28.1 0.1616 0.5121218 0.0000036 
NS zone 3 PWD 27.0 14.6 6.50 3.51 1.1198 0.5145362 0.0000090 
NS zone 4 PWD 28.2 78.1 6.79 18.8 0.2185 0.5122616 0.0000039 
NS zone 5 PWD 6.92 14.4 1.67 3.47 0.2912 0.5125311 0.0000041 
NS zone 6 PWD 42.3 106 10.2 25.7 0.2403 0.5124096 0.0000035 
NS SBG PWD 36.8 145 8.89 35.1 0.1530 0.5121015 0.0000045 
NS MTX 11.9 37.6 1.52 4.77 0.1924 0.5123150 0.0000050 
NS WR3 14.2 40.0 1.97 5.56 0.2147 0.5124104 0.0000057 
NS WR3B 15.8 42.4 2.57 6.90 0.2253 0.5123863 0.0000045 
NS WR4 17.9 43.4 2.48 6.03 0.2490 0.5124425 0.0000040 
Abbreviations: GT=garnet, WR=whole rock, MTX=matrix, PWD=garnet powder 
 
*Data run by CO comes from Ostwald (2013). 
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Table 3.7: All accepted ages. 
sample 
sample 
type 
isochron description 
# of 
points 
age 
(Ma) 
± 
(Myr) 
MSWD 
09BNH1A bulk GT 2GT+WR+MTX+LP+PWD 6 389.3 2.1 1.3 
10BNH3C bulk GT 2GT+WR+MTX+LP+PWD 6 392.1 2.2 1.6 
10BNH5A bulk GT 2GT+WR+MTX+PWD 5 386.5 1.7 1.5 
10BNH5A bulk GT 2LP+WR+MTX+PWD 5 394.0 2.9 1.6 
10BNH6A bulk GT 2GT+WR+MTX+LP+PWD 6 386.7 5.3 1.18 
10BNH7A bulk GT GT+WR+MTX+LP+PWD 5 352.8 1.7 1.7 
10BNH7A bulk GT GT+WR+MTX+LP+PWD 5 381.2 1.9 0.87 
10BNH11A bulk GT 2GT+WR+MTX+PWD 5 391.2 2.0 1.50 
10BNH13A bulk GT 2GT+WR+MTX+PWD 5 383.86 0.68 2.3 
10BNH15B bulk GT 3GT+WR+MTX+PWD 6 382.9 1.0 1.10 
10BNH18A bulk GT GT+WR+MTX+LP+PWD 5 368.1 6.2 6.6 
10BNH18A bulk GT GT+WR+MTX+LP+PWD 5 389.0 1.1 2.4 
10BNH24D bulk GT 2GT+WR+MTX+LP+PWD 6 399.2 2.3 0.38 
10BNH7A 
drilled 
GT 
3zGT+MTX 4 386.67 0.86 1.4 
10BNH18B 
drilled 
GT 
2zGT(core+z2)+MTX 3 393.0 1.0 1.6 
10BNH18B 
drilled 
GT 
2zGT(z3+rim)+MTX 3 391.12 0.81 0.55 
10BNH24C 
drilled 
GT 
4zGT+MTX 5 390.6 1.1 1.5 
13SNH25 
(Concord) 
zircon 3 zircon grains 3 364.03 0.46 
 
13SNH28 
(Kinsman) 
zircon 3 zircon grains 3 399.19 0.50 
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Table 3.7 (continued): All accepted ages. 
sample 
sample 
type 
isochron description 
# of 
points 
age 
(Ma) 
± 
(Myr) 
MSWD 
12OMA2D    
zone 1 (core) 
drilled GT zGT+2WR+MTX 4 311 13 3.3 
12OMA2D    
zone 2 
drilled GT zGT+2WR+MTX 4 353.8 1.8 0.54 
12OMA2D    
zone 3 
drilled GT zGT+2WR+MTX 4 379.9 2.8 4.1 
12OMA2D    
zone 4 
drilled GT zGT+2WR+MTX 4 371.09 0.97 2.4 
12OMA2D    
zone 5 
drilled GT zGT+2WR+MTX 4 366.4 1.0 1.8 
12OMA2D    
zone 6 (rim) 
drilled GT zGT+2WR+MTX 4 363.74 0.56 1.4 
12OMA2D    
SBG 
bulk GT GT+2WR+MTX 4 352.6 4.5 0.48 
12OMA1A     
(Coys Hill) 
zircon 1 zircon grain 1 391.25 0.25 
 
12OMA1A     
(Coys Hill) 
zircon 2 zircon grains 2 397.0 0.70   
11SCT1A bulk GT 3GT+2WR+MTX 6 340.3 2.1 2.0 
Abbreviations: GT=garnet, zGT=drilled garnet zone, SBG=small bulk garnet, WR=whole rock, 
MTX=matrix, LP=leached garnet powder, PWD=garnet powder 
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Table 3.8: Peak temperature estimates 
 
site peak T (°C) method 
analysis 
done by 
09BNH-1 830 phase equilibria modeling XC 
10BNH-3 830 phase equilibria modeling XC 
10BNH-5 830 phase equilibria modeling XC 
10BNH-7 730 phase equilibria modeling XC 
10BNH-11 800 phase equilibria modeling XC 
10BNH-15 770 phase equilibria modeling XC 
10BNH-24 790 phase equilibria modeling XC 
12OMA-2 950 Ti-in-rutile thermometry CO 
11SCT-1 1000 Ti-in-rutile thermometry JA 
Initials: XC = Xu Chu (Yale), CO = Claire Ostwald (BU/Boise State), 
JA = Jay Ague (Yale) 
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Figure 3.1: General geologic map of New England (modified from Aleinikoff et al., 
2002). Sample locations from this study are marked with stars. Terrane abbreviations: HB 
(Hartford Basin), P-N (Putnam-Nashoba). 
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Figure 3.2: Geologic map of NH (modified from Zeitler et al., 1990) showing the 
locations of the New Hampshire Plutonic Series in relation to the sample locations from 
this study. All garnet samples collected in Bristol, NH come from within the black box 
shown here. Exact locations are shown in more detail in Figure 3.3. The black areas are 
the metamorphic hot spots identified by Chamberlain and Rumble (1988) and the two 
stars are the locations of the Concord Granite and Kinsman Quartz Monzonite samples 
dated via zircon geochronology here. 
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Figure 3.3: Map showing all ten garnet geochronology locations in Bristol, NH. Bulk 
garnet ages are shown in blue, zoned garnet ages are shown in red and peak metamorphic 
temperature estimates are shown in green. The grey “L” shaped region represents where 
the highest temperature garnet growth occurred. Potential mechanisms for this high 
temperature are discussed in the text. 
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Figure 3.4: Microsampling of the three garnet samples from Bristol, NH. Colored 
contours are MnO wt% and thick black lines are drill trenches. The garnet from sample 
10BNH7A has a diameter of 1.3 cm and the garnets from samples 10BNH18B and 
10BNH24C have dimensions of 1.5 x 1.3 cm and 1.6 x 1.2 cm, respectively. 
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Figure 3.5: Modified from Ostwald (2013). Microsampling of sample 12OMA-2D. A) 
The location of WR3, SBG and MTX once the large garnet was drilled out. B) The 
location of WR3B. C) The location of WR4. D) The 24 mm diameter garnet pre-drilling. 
E) The 24 mm garnet separated into 6 distinct zones with black lines representing the 
drill trenches. 
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Figure 3.6: Isochrons and bulk garnet ages for samples 09BNH1A and 10BNH3C from 
Bristol, NH. Error bars are smaller than the symbols shown. 
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Figure 3.7: Isochron for sample 10BNH4C. The low 
147
Sm/
144
Nd ratios measured for the 
garnet points and the isotopic heterogeneity seen in the whole rock and matrix samples 
make this calculated age unreliable. However, it is still and important result because the 
whole rock and matrix heterogeneities indicate open system behavior. 
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Figure 3.8: Isochrons and bulk garnet ages for samples 10BNH5A and 10BNH6A from 
Bristol, NH. Error bars are smaller than the symbols shown. 2 ages are reported for 
sample 10BNH5A because the leached powder (LP) analyses for this sample have 
147
Sm/
144
Nd ratios close to 1.0. This is interesting because it means the garnet is relatively 
clean, but still contains some older inclusions. The accepted garnet age for sample 
10BNH5A is the younger garnet age. 
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Figure 3.9: Isochrons and bulk garnet ages for samples 10BNH7A and 10BNH11A from 
Bristol, NH. Error bars are smaller than the symbols shown. For sample 10BNH7A, 2 
garnet preparations from the same hand sample produced 2 different ages. Both ages are 
reported here. 
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Figure 3.10: Isochrons and bulk garnet ages for samples 10BNH13A and 10BNH15B 
from Bristol, NH. Error bars are smaller than the symbols shown. 
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Figure 3.11: Isochrons and bulk garnet ages for samples 10BNH18A and 10BNH24D 
from Bristol, NH. Error bars are smaller than the symbols shown. For sample 
10BNH18A, 2 garnet preparations from the same hand sample produced different ages. 
Both ages are reported here. 
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Figure 3.12: Isochron and bulk garnet age for sample 11SCT1A from Willington, CT. 
Error bars are smaller than the symbols shown. 
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Figure 3.13: Isochrons for the 3 micro-drilled garnet samples from Bristol, NH. For 
samples 10BNH7A and 10BNH24C all drilled zones (3 for 7A and 4 for 24D) fit on a 
single isochron, with the surrounding matrix. For sample 10BNH18B, zone 1 + zone 2 + 
matrix form an isochron and zone 3 + zone 4 + matrix form a statistically different 
isochron. Both isochrons are shown here. 
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Figure 3.14: Concordia plots and reported zircon crystallization ages for the Coys Hill 
Granite (12OMA-1A), the Concord Granite (13SNH-25), and the Kinsman Quartz 
Monzonite (13SNH-28). 
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Figure 3.15: Histogram of all ages reported here (both garnet and zircon) from Bristol, 
NH, Phillipston, MA, and Willington, CT. Bins are 4 Myr. 
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APPENDIX A 
NEODYMIUM, SAMARIUM, AND STRONTIUM STANDARD DATA 
 This appendix contains the isotopic data from all standards run on the Boston 
University TIMS during the course of the work presented here. All Nd standards were 
run as NdO
+
 using the method outlined in Harvey and Baxter (2009). All Sm standards 
were run on double Re filaments and all Sr standards were run using a Ta2O5 activator 
slurry. 
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Table A.1: TIMS run conditions for all Nd standards run during the course of the work presented 
here. 
Nd standard 
std 
# 
date 
starting 
temp 
(°C) 
ending 
temp 
(°C) 
starting 
beam 
(volts on 
142
Nd) 
ending 
beam 
(volts 
on 
142
Nd) 
cycles 
meas-
ured 
cycles 
accep-
ted 
4ng Ames 1 10/25/09 1522 1700 2.25 1.80 320 320 
4ng Ames 2 10/26/09 1510 1710 2.60 1.00 440 440 
4ng Ames 3 11/16/09 1489 1620 2.23 1.50 480 460 
4ng Ames 4 11/17/09 1490 1680 2.70 1.62 460 440 
4ng Ames 5 11/23/09 1475 1700 2.33 1.80 380 360 
4ng Ames 6 11/24/09 1496 1579 2.47 2.30 460 380 
4ng Ames 7 12/13/09 1507 1700 3.70 3.00 320 260 
4ng Ames 8 12/14/09 1489 1640 3.90 1.20 540 520 
4ng Ames 9 12/20/09 1496 1640 2.40 1.80 480 480 
4ng Ames 10 12/20/09 1499 1700 2.25 2.00 420 420 
4ng Ames 11 12/23/09 1505 1620 2.28 2.10 540 540 
4ng Ames 12 12/24/09 1530 1595 2.33 2.20 540 540 
4ng Ames 13 12/31/09 1497 1600 2.34 2.10 480 460 
4ng Ames 14 1/3/10 1516 1620 2.50 1.50 540 540 
4ng Ames 15 1/26/10 1466 1580 2.40 1.50 440 400 
4ng Ames 16 1/27/10 1493 1550 2.60 2.60 540 540 
4ng Ames 17 2/22/10 1441 1550 2.30 2.00 280 260 
4ng Ames 18 2/23/10 1464 1500 2.70 2.60 240 220 
4ng Ames 19 3/11/10 1478 1640 2.50 2.70 500 500 
4ng Ames 20 3/13/10 1508 1700 2.70 2.50 500 500 
4ng Ames 21 3/27/10 1486 1615 2.80 2.00 520 480 
4ng Ames 22 3/28/10 1471 1600 5.50 1.00 440 380 
4ng Ames 23 4/6/10 1467 1570 2.95 2.80 320 320 
4ng Ames 24 5/3/10 1495 1620 3.50 2.00 460 440 
4ng Ames 25 5/4/10 1490 1650 3.33 3.00 400 360 
4ng Ames 26 5/10/10 1473 1620 6.00 4.00 240 220 
4ng Ames 27 5/11/10 1475 1580 4.82 3.00 360 320 
4ng Ames 28 5/17/10 1487 1612 2.40 1.80 420 420 
4ng Ames 29 5/18/10 1480 1560 4.70 1.00 120 100 
4ng Ames 30 5/24/10 1470 1640 4.66 2.00 300 300 
4ng Ames 31 5/25/10 1456 1620 4.92 2.00 180 180 
4ng Ames 32 6/10/10 1548 1600 2.20 2.20 540 540 
4ng Ames 33 6/21/10 1464 1620 4.20 2.00 400 399 
4ng Ames 34 7/11/10 1482 1620 3.30 3.00 320 320 
4ng Ames 35 7/12/10 1473 1600 5.00 3.30 120 119 
4ng Ames 36 7/12/10 1460 1600 2.70 2.00 300 240 
4ng Ames 37 8/8/10 1478 1590 2.70 2.50 400 400 
4ng Ames 38 8/9/10 1455 1620 2.80 2.00 320 300 
4ng Ames 39 9/3/10 1440 1575 3.00 1.50 420 420 
4ng Ames 40 9/7/10 1441 1560 3.00 2.00 380 380 
161 
 
4ng Ames 41 9/14/10 1451 1595 3.28 2.00 500 500 
4ng Ames 42 9/20/10 1460 1570 4.00 2.00 340 340 
4ng Ames 43 9/21/10 1471 1570 3.50 2.00 380 360 
4ng Ames 44 9/21/10 1456 1590 2.60 1.50 200 180 
4ng Ames 45 9/28/10 1454 1550 2.00 2.00 540 540 
4ng Ames 46 9/28/10 1422 1580 3.15 3.00 300 260 
4ng Ames 47 10/6/10 1473 1620 3.70 3.70 480 480 
4ng Ames 48 10/7/10 1432 1640 2.65 2.50 260 260 
4ng Ames 49 10/14/10 1450 1575 2.80 2.50 480 460 
4ng Ames 50 10/15/10 1440 1650 2.70 2.50 400 380 
4ng Ames 51 10/30/10 1463 1595 3.36 3.00 340 340 
4ng Ames 52 10/31/10 1484 1590 2.33 2.00 320 300 
4ng Ames 53 11/8/10 1460 1560 2.10 2.10 540 540 
4ng Ames 54 11/23/10 1473 1570 2.40 2.40 540 540 
4ng Ames 55 11/24/10 1461 1580 2.50 2.50 300 280 
4ng Ames 56 12/1/10 1473 1600 2.66 2.50 420 400 
4ng Ames 57 12/22/10 1493 1550 2.57 2.70 540 540 
4ng Ames 58 12/24/10 1505 1600 2.50 2.50 400 400 
4ng Ames 59 1/30/11 1448 1590 3.10 5.00 400 400 
4ng Ames 60 2/4/11 1456 1580 3.22 3.00 460 420 
4ng Ames 61 2/5/11 1458 1600 3.00 3.00 440 420 
4ng Ames 62 2/24/11 1469 1610 3.30 3.30 540 500 
4ng Ames 63 4/25/11 1449 1570 2.50 2.50 540 520 
4ng Ames 64 5/3/11 1470 1560 2.50 2.50 540 519 
4ng Ames 65 5/3/11 1451 1600 2.77 2.60 400 300 
4ng Ames 66 5/10/11 1466 1580 2.62 2.40 440 418 
4ng Ames 67 5/10/11 1468 1600 2.29 2.20 520 519 
4ng Ames 68 5/16/11 1471 1610 2.30 2.00 540 400 
4ng Ames 69 5/21/11 1440 1610 4.50 4.50 320 300 
4ng Ames 70 9/19/11 1473 1600 2.97 3.10 340 320 
4ng Ames 71 10/3/11 1426 1580 4.34 2.00 240 240 
4ng Ames 72 10/23/11 1470 1610 2.50 3.00 320 280 
4ng Ames 73 10/24/11 1473 1620 2.61 2.00 220 200 
4ng Ames 74 12/4/11 1477 1630 3.62 3.50 201 201 
4ng Ames 75 12/6/11 1454 1650 3.50 3.00 340 340 
4ng Ames 76 12/13/11 1471 1600 2.70 2.70 300 300 
4ng Ames 77 12/14/11 1473 1615 2.80 2.80 300 280 
4ng Ames 78 12/24/11 1473 1597 2.60 1.50 440 418 
4ng Ames 79 12/28/11 1460 1630 3.35 3.00 360 320 
4ng Ames 80 12/29/11 1444 1560 2.70 2.50 460 460 
4ng Ames 81 2/9/12 1519 1630 2.58 2.00 340 340 
4ng Ames 82 2/9/12 1443 1600 3.72 4.00 240 240 
4ng Ames 83 2/11/12 1480 1600 2.40 2.40 540 540 
4ng Ames 84 2/12/12 1468 1630 5.50 4.00 180 160 
4ng Ames 85 2/17/12 1480 1600 3.40 3.20 520 520 
4ng Ames 86 3/3/12 1465 1580 2.50 2.50 540 540 
4ng Ames 87 3/16/12 1498 1600 2.65 2.00 140 100 
4ng Ames 88 4/1/12 1471 1600 3.32 3.00 140 120 
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4ng Ames 89 5/4/12 1432 1607 3.36 3.00 300 280 
4ng Ames 90 5/5/12 1424 1600 3.00 3.00 160 160 
4ng Ames 91 5/7/12 1462 1640 3.00 3.00 260 259 
4ng Ames 92 5/7/12 1466 1600 2.70 2.60 480 437 
4ng Ames 93 5/7/12 1437 1540 2.80 2.80 160 160 
4ng Ames 94 5/7/12 1448 1600 2.68 2.60 320 300 
4ng Ames 95 5/8/12 1462 1520 2.60 2.60 540 540 
4ng Ames 96 5/9/12 1508 1640 2.63 2.50 160 159 
4ng Ames 97 5/9/12 1489 1600 2.32 2.30 240 240 
4ng Ames 98 5/9/12 1490 1600 2.70 2.70 160 140 
4ng Ames 99 7/4/12 1483 1580 2.50 2.50 260 240 
4ng Ames 100 7/5/12 1478 1580 2.45 2.20 300 300 
4ng Ames 101 8/4/12 1471 1600 2.66 2.70 260 260 
4ng Ames 102 8/4/12 1436 1580 2.50 2.50 340 320 
4ng Ames 103 8/14/12 1435 1570 2.50 2.50 400 360 
4ng Ames 104 8/14/12 1477 1600 2.50 2.50 140 120 
4ng Ames 105 8/15/12 1438 1600 2.50 2.50 180 180 
4ng Ames 106 8/18/12 1473 1580 2.45 2.40 200 180 
4ng Ames 107 8/18/12 1463 1620 2.50 2.50 340 340 
4ng Ames 108 8/19/12 1445 1560 2.50 2.50 320 320 
4ng Ames 109 8/19/12 1466 1600 2.12 2.40 540 540 
4ng Ames 110 10/25/12 1460 1590 2.40 2.40 360 360 
4ng Ames 111 10/28/12 1493 1620 2.30 2.30 260 260 
4ng Ames 112 11/9/12 1444 1600 2.70 2.20 200 180 
4ng Ames 113 11/12/12 1444 1580 2.40 2.40 380 340 
4ng Ames 114 11/24/12 1452 1590 2.20 3.00 320 300 
4ng Ames 115 11/25/12 1449 1590 2.20 3.00 320 300 
4ng Ames 116 12/8/12 1472 1620 2.60 3.00 400 320 
4ng Ames 117 12/11/12 1466 1570 2.70 3.20 320 300 
4ng Ames 118 12/11/12 1453 1600 2.80 3.00 280 280 
4ng Ames 119 1/11/13 1467 1610 2.50 3.00 360 320 
4ng Ames 120 1/12/13 1454 1620 2.50 2.50 280 260 
4ng Ames 121 1/20/13 1484 1600 2.10 2.10 420 420 
4ng Ames 122 1/21/13 1483 1600 0.70 2.00 360 300 
4ng Ames 123 2/19/13 1458 1600 2.70 2.00 340 300 
4ng Ames 124 2/21/13 1451 1590 2.50 2.00 140 100 
4ng Ames 125 4/23/13 1483 1620 2.40 1.00 180 180 
4ng Ames 126 4/23/13 1456 1600 2.50 3.00 200 200 
4ng Ames 127 4/24/13 1453 1630 2.30 3.50 220 220 
4ng Ames 128 4/25/13 1460 1600 3.00 3.00 200 140 
4ng Ames 129 6/3/13 1410 1650 1.80 2.00 180 160 
4ng Ames 130 6/4/13 1434 1615 1.73 0.90 420 420 
4ng Ames 131 6/8/13 1455 1610 2.20 1.50 380 380 
4ng Ames 132 8/10/13 1437 1600 2.70 6.00 160 140 
4ng Ames 133 8/11/13 1475 1580 2.20 3.20 260 240 
4ng Ames 134 8/14/13 1491 1620 2.10 3.50 460 460 
4ng Ames 135 9/11/13 1444 1580 3.00 2.00 360 300 
4ng Ames 136 9/29/13 1464 1600 3.00 2.00 211 208 
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4ng Ames 137 9/29/13 1467 1610 2.70 2.00 300 280 
4ng Ames 138 10/15/13 1450 1590 2.50 2.20 280 274 
4ng Ames 139 11/9/13 1500 1600 2.50 2.50 540 540 
4ng Ames 140 11/10/13 1525 1580 2.50 2.50 600 600 
4ng Ames 141 11/17/13 1453 1610 3.00 3.00 560 437 
4ng Ames 142 11/18/13 1458 1575 2.50 2.00 560 560 
4ng Ames 143 11/19/13 1442 1650 2.50 2.50 420 420 
4ng Ames 144 1/11/14 1460 1600 3.00 3.00 240 240 
4ng Ames 145 4/1/14 1441 1600 1.60 2.50 240 240 
4ng Ames 146 4/1/14 1425 1590 1.00 2.00 440 400 
4ng Ames 147 4/4/14 1448 1570 1.40 3.00 480 480 
4ng Ames 148 4/4/14 1453 1600 1.70 3.00 520 419 
4ng Ames 149 5/22/14 1471 1600 2.20 2.80 460 358 
4ng Ames 150 5/23/14 1450 1620 2.20 3.00 600 596 
4ng Ames 151 5/25/14 1476 1610 2.50 2.00 200 199 
4ng Ames 152 5/25/14 1435 1610 1.60 2.50 320 237 
4ng Ames 153 6/14/14 1466 1570 1.80 1.50 240 233 
400pg Ames 154 8/10/13 1450 1600 0.70 0.50 100 80 
400pg Ames 155 8/11/13 1426 1620 0.40 0.60 220 180 
400pg Ames 156 8/13/13 1418 1580 0.70 0.50 240 213 
400pg Ames 157 8/13/13 1432 1580 0.70 0.40 160 142 
400pg Ames 158 8/13/13 1440 1640 0.70 0.30 280 280 
400pg Ames 159 8/14/13 1477 1600 0.67 0.40 120 120 
400pg Ames 160 8/14/13 1482 1600 0.20 0.20 600 420 
400pg Ames 161 9/12/13 1414 1600 0.70 1.00 185 178 
400pg Ames 162 9/29/13 1500 1650 0.70 0.20 100 92 
400pg Ames 163 11/10/13 1512 1650 0.60 0.80 500 479 
400pg Ames 164 11/23/13 1489 1620 1.00 1.00 166 166 
400pg Ames 165 11/23/13 1483 1580 1.20 0.80 220 160 
400pg Ames 166 1/11/14 1475 1620 0.80 0.60 180 140 
400pg Ames 167 1/11/14 1474 1650 1.80 0.60 126 121 
4ng JNDi 168 12/2/10 1502 1560 2.60 2.00 460 420 
4ng JNDi 169 12/2/10 1463 1600 2.90 2.00 460 460 
4ng JNDi 170 6/3/13 1521 1600 0.30 0.30 540 540 
4ng JNDi 171 6/3/13 1452 1600 0.90 1.00 320 320 
4ng JNDi 172 8/14/13 1460 1590 2.30 3.00 260 260 
4ng JNDi 173 8/16/13 1463 1570 2.50 3.00 160 140 
4ng JNDi 174 8/16/13 1458 1570 3.00 2.70 180 140 
4ng JNDi 175 8/17/13 1459 1600 2.50 2.00 180 180 
4ng La Jolla 176 1/10/11 1494 1580 2.10 2.10 360 360 
4ng La Jolla 177 1/10/11 1480 1580 2.50 2.50 300 300 
4ng La Jolla 178 6/5/13 1468 1620 2.00 2.00 200 180 
4ng La Jolla 179 6/5/13 1477 1630 2.50 2.50 520 520 
4ng La Jolla 180 6/21/13 1482 1600 2.80 2.00 280 280 
4ng La Jolla 181 6/21/13 1471 1590 2.50 2.50 500 500 
4ng La Jolla 182 6/21/13 1464 1610 2.20 2.20 440 440 
4ng La Jolla 183 6/21/13 1498 1580 3.00 3.00 540 400 
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4ng La Jolla 184 6/21/13 1488 1600 2.50 2.70 480 480 
4ng La Jolla 185 6/22/13 1480 1610 2.70 3.00 380 380 
4ng La Jolla 186 4/5/14 1451 1580 1.40 3.00 560 560 
4ng La Jolla 187 4/5/14 1451 1600 2.00 3.00 500 425 
4ng La Jolla 188 4/5/14 1431 1600 1.70 3.00 560 529 
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Table A.2: Isotope data for all 4ng Ames Nd standards run during the course of the 
work presented here. 
date 
142
Nd/ 
144
Nd 
± 
2σ 
143
Nd/ 
144
Nd 
± 
2σ 
148
Nd/ 
144
Nd 
± 
2σ 
150
Nd/ 
144
Nd 
± 
2σ 
10/25/09 1.141839 15 0.512133 6 0.241585 4 0.236452 6 
10/26/09 1.141835 11 0.512132 4 0.241585 3 0.236454 4 
11/16/09 1.141844 12 0.512127 5 0.241585 3 0.236455 4 
11/17/09 1.141830 11 0.512125 4 0.241587 3 0.236462 4 
11/23/09 1.141828 13 0.512126 5 0.241589 4 0.236459 5 
11/24/09 1.141838 13 0.512132 5 0.241587 3 0.236456 5 
12/13/09 1.141831 14 0.512126 6 0.241587 4 0.236453 5 
12/14/09 1.141855 11 0.512130 4 0.241585 3 0.236451 4 
12/20/09 1.141821 12 0.512125 5 0.241591 3 0.236463 4 
12/20/09 1.141833 13 0.512127 5 0.241588 4 0.236461 5 
12/23/09 1.141822 11 0.512125 4 0.241588 3 0.236459 4 
12/24/09 1.141830 10 0.512126 4 0.241587 3 0.236461 4 
12/31/09 1.141844 12 0.512128 5 0.241585 3 0.236454 4 
1/3/10 1.141844 12 0.512125 5 0.241586 3 0.236460 4 
1/26/10 1.141840 12 0.512130 5 0.241586 3 0.236459 5 
1/27/10 1.141838 10 0.512131 4 0.241587 3 0.236457 4 
2/22/10 1.141840 16 0.512132 6 0.241584 4 0.236462 6 
2/23/10 1.141843 16 0.512130 6 0.241584 4 0.236464 6 
3/11/10 1.141818 11 0.512127 4 0.241587 3 0.236458 4 
3/13/10 1.141818 10 0.512129 4 0.241589 3 0.236459 4 
3/27/10 1.141817 10 0.512128 4 0.241589 3 0.236461 4 
3/28/10 1.141810 11 0.512123 4 0.241587 3 0.236464 4 
4/6/10 1.141810 11 0.512123 4 0.241589 3 0.236459 4 
5/3/10 1.141832 9 0.512132 4 0.241585 3 0.236460 3 
5/4/10 1.141859 12 0.512130 4 0.241582 3 0.236463 4 
5/10/10 1.141830 10 0.512130 4 0.241586 3 0.236459 3 
5/11/10 1.141826 9 0.512127 3 0.241586 2 0.236463 3 
5/17/10 1.141826 12 0.512132 5 0.241588 3 0.236461 5 
5/18/10 1.141829 17 0.512132 7 0.241583 5 0.236456 7 
5/24/10 1.141842 10 0.512132 4 0.241586 3 0.236462 4 
5/25/10 1.141834 13 0.512128 5 0.241588 3 0.236463 5 
6/10/10 1.141897 12 0.512129 4 0.241581 3 0.236463 4 
6/21/10 1.141832 9 0.512129 3 0.241586 3 0.236463 4 
7/11/10 1.141868 12 0.512124 5 0.241587 3 0.236465 5 
7/12/10 1.141829 16 0.512130 6 0.241585 4 0.236459 6 
7/12/10 1.141839 15 0.512130 5 0.241583 4 0.236460 6 
8/8/10 1.141826 12 0.512128 4 0.241585 3 0.236458 4 
8/9/10 1.141838 13 0.512135 5 0.241583 4 0.236458 5 
9/3/10 1.141824 11 0.512129 4 0.241588 3 0.236464 4 
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9/7/10 1.141832 12 0.512131 5 0.241582 3 0.236458 5 
9/14/10 1.141844 10 0.512132 4 0.241583 3 0.236454 3 
9/20/10 1.141838 11 0.512131 4 0.241585 3 0.236457 4 
9/21/10 1.141833 11 0.512133 4 0.241587 4 0.236460 5 
9/21/10 1.141838 20 0.512136 7 0.241582 5 0.236455 7 
9/28/10 1.141838 13 0.512129 5 0.241581 3 0.236457 5 
9/28/10 1.141838 14 0.512134 5 0.241587 4 0.236462 5 
10/6/10 1.141836 9 0.512134 4 0.241586 3 0.236458 3 
10/7/10 1.141846 15 0.512135 6 0.241579 4 0.236456 6 
10/14/10 1.141829 11 0.512130 4 0.241587 3 0.236464 4 
10/15/10 1.141836 12 0.512135 5 0.241584 3 0.236455 5 
10/30/10 1.141816 12 0.512122 4 0.241588 3 0.236458 4 
10/31/10 1.141822 14 0.512128 6 0.241583 4 0.236451 6 
11/8/10 1.141823 12 0.512130 4 0.241590 3 0.236454 4 
11/23/10 1.141835 11 0.512132 4 0.241587 3 0.236450 4 
11/24/10 1.141815 14 0.512126 5 0.241585 4 0.236453 6 
12/1/10 1.141826 11 0.512132 4 0.241587 3 0.236453 4 
12/22/10 1.141821 10 0.512128 4 0.241587 3 0.236453 4 
12/24/10 1.141807 12 0.512123 5 0.241593 4 0.236463 5 
1/30/11 1.141841 9 0.512132 4 0.241584 3 0.236454 4 
2/4/11 1.141814 10 0.512127 4 0.241589 3 0.236458 4 
2/5/11 1.141829 11 0.512129 4 0.241587 3 0.236455 4 
2/24/11 1.141824 9 0.512129 4 0.241587 3 0.236456 3 
4/25/11 1.141828 11 0.512130 4 0.241585 3 0.236456 4 
5/3/11 1.141836 12 0.512131 5 0.241583 3 0.236449 4 
5/3/11 1.141837 13 0.512136 5 0.241579 3 0.236449 5 
5/10/11 1.141823 12 0.512129 5 0.241586 3 0.236452 4 
5/10/11 1.141820 11 0.512128 4 0.241587 3 0.236455 4 
5/16/11 1.141834 12 0.512132 5 0.241582 3 0.236445 5 
5/21/11 1.141830 11 0.512128 4 0.241587 3 0.236455 4 
9/19/11 1.141824 12 0.512127 5 0.241585 3 0.236457 5 
10/3/11 1.141821 12 0.512130 4 0.241586 3 0.236451 4 
10/23/11 1.141826 13 0.512133 5 0.241586 4 0.236456 4 
10/24/11 1.141815 17 0.512132 7 0.241588 5 0.236453 7 
12/4/11 1.141823 14 0.512130 6 0.241589 4 0.236454 6 
12/6/11 1.141839 12 0.512134 5 0.241582 3 0.236453 4 
12/13/11 1.141829 14 0.512132 5 0.241586 4 0.236450 5 
12/14/11 1.141818 14 0.512129 5 0.241586 4 0.236453 5 
12/24/11 1.141810 12 0.512123 5 0.241589 3 0.236454 4 
12/28/11 1.141824 11 0.512132 5 0.241583 3 0.236446 5 
12/29/11 1.141822 11 0.512128 4 0.241584 3 0.236455 4 
2/9/12 1.141835 13 0.512133 5 0.241584 3 0.236453 5 
2/9/12 1.141814 13 0.512129 5 0.241584 3 0.236447 5 
2/11/12 1.141814 11 0.512129 4 0.241581 3 0.236450 4 
2/12/12 1.141826 12 0.512131 5 0.241582 3 0.236447 5 
2/17/12 1.141828 9 0.512132 3 0.241582 3 0.236448 4 
3/3/12 1.141832 10 0.512128 4 0.241583 3 0.236681 4 
3/16/12 1.141818 24 0.512123 9 0.241582 7 0.236675 9 
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4/1/12 1.141800 20 0.512122 7 0.241582 6 0.236543 7 
5/4/12 1.141837 12 0.512133 4 0.241576 3 0.236691 5 
5/5/12 1.141840 17 0.512138 6 0.241573 5 0.236689 7 
5/7/12 1.141826 14 0.512135 5 0.241578 4 0.236677 6 
5/7/12 1.141848 12 0.512138 5 0.241572 3 0.236677 4 
5/7/12 1.141832 19 0.512140 7 0.241573 5 0.236694 7 
5/7/12 1.141836 14 0.512134 5 0.241575 4 0.236672 6 
5/8/12 1.141831 10 0.512134 4 0.241573 3 0.236440 4 
5/9/12 1.141844 18 0.512141 7 0.241574 6 0.236447 7 
5/9/12 1.141844 17 0.512137 6 0.241573 6 0.236444 8 
5/9/12 1.141841 20 0.512136 9 0.241578 6 0.236445 8 
7/4/12 1.141856 13 0.512141 5 0.241571 4 0.236448 5 
7/5/12 1.141844 14 0.512136 5 0.241571 4 0.236450 6 
8/4/12 1.141835 14 0.512132 6 0.241579 4 0.236437 5 
8/4/12 1.141845 14 0.512136 5 0.241577 4 0.236435 5 
8/14/12 1.141830 13 0.512131 5 0.241576 4 0.236445 5 
8/14/12 1.141832 25 0.512136 9 0.241580 6 0.236440 9 
8/15/12 1.141839 18 0.512131 7 0.241569 5 0.236436 7 
8/18/12 1.141836 17 0.512134 7 0.241571 4 0.236443 6 
8/18/12 1.141830 12 0.512131 5 0.241575 4 0.236447 5 
8/19/12 1.141831 14 0.512132 5 0.241576 4 0.236449 5 
8/19/12 1.141836 11 0.512134 4 0.241576 3 0.236445 4 
10/25/12 1.141843 12 0.512136 5 0.241578 3 0.236442 5 
10/28/12 1.141820 16 0.512128 6 0.241581 5 0.236450 6 
11/9/12 1.141856 17 0.512145 7 0.241568 5 0.236436 6 
11/12/12 1.141851 12 0.512144 5 0.241572 4 0.236442 5 
11/24/12 1.141836 14 0.512136 5 0.241576 4 0.236448 5 
11/25/12 1.141866 13 0.512141 5 0.241564 4 0.236429 5 
12/8/12 1.141863 13 0.512140 5 0.241572 3 0.236438 5 
12/11/12 1.141842 12 0.512137 5 0.241570 3 0.236439 4 
12/11/12 1.141839 13 0.512134 5 0.241575 4 0.236445 5 
1/11/13 1.141849 13 0.512138 5 0.241574 4 0.236443 5 
1/12/13 1.141858 15 0.512143 5 0.241568 4 0.236434 5 
1/20/13 1.141859 12 0.512143 5 0.241572 3 0.236438 5 
1/21/13 1.141884 18 0.512154 7 0.241562 6 0.236422 7 
2/19/13 1.141883 14 0.512157 5 0.241557 4 0.236423 5 
2/21/13 1.141873 25 0.512155 9 0.241557 7 0.236420 9 
4/23/13 1.141815 23 0.512129 9 0.241590 6 0.236451 9 
4/23/13 1.141804 15 0.512124 5 0.241593 4 0.236462 5 
4/24/13 1.141816 13 0.512127 6 0.241591 4 0.236457 5 
4/25/13 1.141814 16 0.512126 6 0.241592 4 0.236458 6 
6/3/13 1.141832 22 0.512133 8 0.241582 6 0.236447 8 
6/4/13 1.141818 19 0.512126 8 0.241590 6 0.236457 8 
6/8/13 1.141827 14 0.512129 5 0.241591 4 0.236459 5 
8/10/13 1.141811 16 0.512121 6 0.241591 4 0.236453 6 
8/11/13 1.141818 16 0.512123 6 0.241592 4 0.236457 6 
8/14/13 1.141813 13 0.512127 5 0.241591 3 0.236461 5 
9/11/13 1.141805 12 0.512119 4 0.241595 3 0.236461 5 
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9/29/13 1.141811 15 0.512122 6 0.241586 4 0.236453 6 
9/29/13 1.141816 15 0.512127 5 0.241587 4 0.236460 5 
10/15/13 1.141816 13 0.512122 5 0.241589 4 0.236457 5 
11/9/13 1.141828 11 0.512125 4 0.241587 3 0.236460 4 
11/10/13 1.141818 10 0.512126 4 0.241588 3 0.236457 4 
11/17/13 1.141843 10 0.512132 4 0.241586 3 0.236458 4 
11/18/13 1.141820 11 0.512124 4 0.241585 3 0.236457 4 
11/19/13 1.141812 11 0.512121 4 0.241588 3 0.236456 4 
1/11/14 1.141811 13 0.512123 5 0.241591 3 0.236459 5 
4/1/14 1.141824 19 0.512122 7 0.241583 5 0.236454 7 
4/1/14 1.141816 17 0.512119 7 0.241585 5 0.236455 7 
4/4/14 1.141816 13 0.512125 5 0.241587 3 0.236455 5 
4/4/14 1.141820 12 0.512125 5 0.241587 3 0.236458 4 
5/22/14 1.141817 12 0.512123 5 0.241588 4 0.236456 5 
5/23/14 1.141827 10 0.512127 4 0.241588 3 0.236455 4 
5/25/14 1.141805 17 0.512120 7 0.241588 5 0.236452 7 
5/25/14 1.141816 16 0.512124 6 0.241588 4 0.236452 6 
6/14/14 1.141817 19 0.512119 7 0.241594 6 0.236466 8 
2σ errors are in the last decimal place 
     No error is shown for 
145
Nd/
144
Nd because it is used for normalization 
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Table A.3: Isotope data for all 400pg Ames Nd standards run during the course of the 
work presented here. 
date 
142
Nd/ 
144
Nd 
± 
2σ 
143
Nd/ 
144
Nd 
± 
2σ 
148
Nd/ 
144
Nd 
± 
2σ 
150
Nd/ 
144
Nd 
± 
2σ 
8/10/13 1.141708 74 0.512107 30 0.241600 19 0.236463 29 
8/11/13 1.141800 45 0.512115 17 0.241589 15 0.236455 19 
8/13/13 1.141831 36 0.512125 13 0.241598 12 0.236459 15 
8/13/13 1.141790 50 0.512115 20 0.241603 17 0.236438 21 
8/13/13 1.141874 35 0.512143 12 0.241572 10 0.236438 12 
8/14/13 1.141821 49 0.512126 19 0.241601 12 0.236486 16 
8/14/13 1.141986 59 0.512120 23 0.241596 18 0.236460 24 
9/12/13 1.141792 33 0.512116 13 0.241593 9 0.236475 13 
9/29/13 1.141814 69 0.512128 28 0.241591 23 0.236403 28 
11/10/13 1.141862 24 0.512130 8 0.241585 7 0.236459 8 
11/23/13 1.141859 42 0.512121 15 0.241563 11 0.236433 17 
11/23/13 1.141819 30 0.512133 11 0.241569 9 0.236457 12 
1/11/14 1.141786 37 0.512116 15 0.241590 13 0.236442 14 
1/11/14 1.141790 30 0.512127 11 0.241587 7 0.236448 11 
2σ errors are in the last decimal place. 
     
No error is shown for 
145
Nd/
144
Nd because it is used for normalization. 
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Table A.4: Isotope data for all 4ng JNDi Nd standards run during the course of the 
work presented here. 
date 
142
Nd/ 
144
Nd 
± 
2σ 
143
Nd/ 
144
Nd 
± 
2σ 
148
Nd/ 
144
Nd 
± 
2σ 
150
Nd/ 
144
Nd 
± 
2σ 
12/2/10 1.141810 11 0.512086 4 0.241589 3 0.236453 4 
12/2/10 1.141803 11 0.512083 4 0.241591 3 0.236461 4 
6/3/13 1.142018 40 0.512091 14 0.241575 11 0.236461 14 
6/3/13 1.141831 17 0.512085 6 0.241592 8 0.236464 8 
8/14/13 1.141803 13 0.512079 5 0.241592 4 0.236460 5 
8/16/13 1.141807 20 0.512089 8 0.241594 6 0.236454 8 
8/16/13 1.141792 18 0.512074 6 0.241594 5 0.236458 7 
8/17/13 1.141811 17 0.512080 6 0.241590 5 0.236458 6 
2σ errors are in the last decimal place. 
     No error is shown for 145Nd/144Nd because it is used for normalization. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
171 
 
Table A.5: Isotope data for all 4ng La Jolla Nd standards run during the course of 
the work presented here. 
date 
142
Nd/ 
144
Nd 
± 
2σ 
143
Nd/ 
144
Nd 
± 
2σ 
148
Nd/ 
144
Nd 
± 
2σ 
150
Nd/ 
144
Nd 
± 
2σ 
1/10/11 1.141813 14 0.511829 5 0.241590 4 0.236453 5 
1/10/11 1.141816 13 0.511830 5 0.241590 4 0.236461 5 
6/5/13 1.141816 17 0.511825 6 0.241591 4 0.236466 6 
6/5/13 1.141824 12 0.511830 4 0.241591 3 0.236470 4 
6/21/13 1.141816 14 0.511831 5 0.241587 4 0.236459 5 
6/21/13 1.141817 11 0.511830 4 0.241594 3 0.236468 4 
6/21/13 1.141822 12 0.511828 4 0.241589 4 0.236465 5 
6/21/13 1.141817 11 0.511828 4 0.241587 3 0.236462 4 
6/21/13 1.141816 11 0.511827 4 0.241590 3 0.236464 4 
6/22/13 1.141819 11 0.511828 4 0.241593 3 0.236468 5 
4/5/14 1.141825 12 0.511831 5 0.241591 3 0.236466 5 
4/5/14 1.141827 12 0.511828 4 0.241593 3 0.236464 4 
4/5/14 1.141816 11 0.511828 4 0.241592 3 0.236463 4 
2σ errors are in the last decimal place. 
     
No error is shown for 
145
Nd/
144
Nd because it is used for normalization. 
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Table A.6: Isotope data for all 20ng Sm standards run during the course of the work presented 
here. 
date 
144
Sm/ 
152
Sm 
± 
2σ 
147
Sm/ 
152
Sm 
± 
2σ 
148
Sm/ 
152
Sm 
± 
2σ 
150
Sm/ 
152
Sm 
± 
2σ 
154
Sm/ 
152
Sm 
± 
2σ 
12/20/09 0.115034 8 0.560829 11 0.420464 7 0.276012 5 0.850757 12 
1/1/10 0.115231 21 0.560856 43 0.420519 28 0.276062 17 0.850711 39 
1/26/10 0.115050 9 0.560845 14 0.420476 10 0.276022 6 0.850732 16 
2/23/10 0.114991 5 0.560834 11 0.420458 8 0.275995 4 0.850775 13 
12/3/10 0.114994 31 0.560841 66 0.420453 39 0.276006 30 0.850770 65 
12/26/10 0.114979 12 0.560805 25 0.420432 17 0.275980 11 0.850766 30 
2/5/11 0.114985 5 0.560822 11 0.420452 8 0.275994 5 0.850757 13 
5/7/11 0.114976 10 0.560820 20 0.420448 14 0.275980 10 0.850719 24 
5/8/11 0.114988 11 0.560821 22 0.420466 16 0.275990 10 0.850713 25 
5/20/11 0.114996 18 0.560822 36 0.420425 27 0.276017 19 0.850713 41 
9/20/11 0.115065 26 0.560845 48 0.420453 34 0.276028 25 0.850736 56 
10/4/11 0.115104 10 0.560836 23 0.420476 15 0.276033 10 0.850731 24 
12/7/11 0.115072 27 0.560793 55 0.420487 41 0.275996 26 0.850824 60 
12/12/11 0.114963 18 0.560818 38 0.420438 25 0.275989 16 0.850780 34 
12/24/11 0.114985 15 0.560828 37 0.420452 26 0.275975 15 0.850737 45 
12/29/11 0.114994 10 0.560846 25 0.420475 16 0.275989 8 0.850724 25 
2/9/12 0.114980 8 0.560812 17 0.420438 12 0.275994 7 0.850742 19 
2/12/12 0.114981 5 0.560831 13 0.420449 8 0.275996 5 0.850702 14 
2/14/12 0.115083 10 0.560832 20 0.420469 14 0.276017 9 0.850708 24 
3/2/12 0.114970 7 0.560827 15 0.420445 10 0.275995 6 0.850718 19 
3/17/12 0.114981 5 0.560827 11 0.420458 8 0.275994 5 0.850666 14 
4/1/12 0.115018 21 0.560830 42 0.420449 36 0.275989 18 0.850739 55 
5/7/12 0.115013 5 0.560824 9 0.420453 6 0.276004 4 0.850699 11 
5/8/12 0.115018 5 0.560839 11 0.420460 7 0.276003 4 0.850695 13 
5/16/12 0.114986 32 0.560804 66 0.420425 44 0.275961 28 0.850762 66 
7/6/12 0.115034 15 0.560810 31 0.420451 21 0.276009 15 0.850769 35 
7/8/12 0.115017 6 0.560838 11 0.420458 7 0.275996 5 0.850727 12 
10/2/12 0.115055 7 0.560809 14 0.420462 10 0.276002 6 0.850770 18 
10/5/12 0.115011 10 0.560828 22 0.420464 15 0.276004 10 0.850779 28 
10/25/12 0.115024 5 0.560810 10 0.420453 7 0.276002 4 0.850772 12 
10/27/12 0.115000 9 0.560826 22 0.420460 13 0.275996 8 0.850772 25 
10/29/12 0.115052 7 0.560817 14 0.420468 9 0.276006 6 0.850769 17 
11/15/12 0.115068 7 0.560818 15 0.420455 10 0.276016 6 0.850741 17 
11/16/12 0.114987 7 0.560811 16 0.420442 11 0.275985 7 0.850794 18 
11/23/12 0.115003 6 0.560791 17 0.420430 11 0.276002 7 0.850803 19 
11/25/12 0.114997 8 0.560815 18 0.420454 12 0.276002 8 0.850811 21 
12/9/12 0.115045 4 0.560826 9 0.420464 6 0.276000 4 0.850768 12 
12/12/12 0.115081 7 0.560817 19 0.420464 12 0.276020 7 0.850790 19 
12/15/12 0.115056 8 0.560815 20 0.420469 14 0.276001 8 0.850766 23 
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1/12/13 0.115034 6 0.560825 15 0.420455 10 0.275994 6 0.850725 18 
1/13/13 0.115016 4 0.560810 10 0.420453 7 0.275999 4 0.850740 12 
1/21/13 0.115022 4 0.560806 11 0.420444 7 0.276003 4 0.850740 13 
1/22/13 0.115045 11 0.560829 22 0.420450 15 0.276015 10 0.850724 25 
2/21/13 0.114987 5 0.560807 14 0.420446 10 0.275994 6 0.850784 17 
2/27/13 0.114990 4 0.560790 10 0.420437 6 0.275980 4 0.850781 11 
4/16/13 0.114977 5 0.560819 14 0.420452 9 0.275998 5 0.850786 15 
4/25/13 0.114978 5 0.560826 13 0.420448 9 0.276002 5 0.850802 14 
5/7/13 0.114984 12 0.560847 32 0.420450 19 0.275982 12 0.850774 33 
5/7/13 0.114976 7 0.560834 16 0.420455 10 0.275997 6 0.850785 17 
5/8/13 0.114971 5 0.560813 13 0.420448 9 0.275993 5 0.850784 16 
6/8/13 0.114975 5 0.560813 13 0.420447 8 0.275998 5 0.850767 15 
6/10/13 0.114978 11 0.560817 26 0.420449 16 0.276005 11 0.850803 29 
8/17/13 0.114987 11 0.560832 24 0.420477 17 0.275987 11 0.850767 25 
9/12/13 0.115051 21 0.560786 44 0.420449 29 0.275999 17 0.850787 48 
9/29/13 0.114976 4 0.560811 9 0.420440 6 0.275992 4 0.850788 13 
10/15/13 0.114999 27 0.560847 50 0.420468 36 0.276005 24 0.850750 63 
11/11/13 0.114982 3 0.560829 8 0.420449 5 0.275995 3 0.850788 8 
11/11/13 0.114977 5 0.560825 12 0.420447 8 0.275989 4 0.850775 12 
11/23/13 0.114979 7 0.560818 17 0.420447 11 0.276003 6 0.850781 18 
11/26/13 0.114970 5 0.560807 11 0.420440 7 0.275992 4 0.850787 13 
1/11/14 0.114977 5 0.560817 11 0.420442 7 0.275990 5 0.850798 15 
3/26/14 0.114956 15 0.560796 34 0.420423 22 0.275991 14 0.850835 36 
3/26/14 0.114973 4 0.560823 9 0.420451 6 0.275996 3 0.850768 12 
5/25/14 0.114977 3 0.560824 8 0.420450 5 0.275996 3 0.850752 10 
5/26/14 0.114975 5 0.560828 11 0.420454 8 0.276006 5 0.850744 14 
6/14/14 0.114970 5 0.560798 11 0.420436 8 0.275997 5 0.850769 15 
2σ errors are in the last decimal place. 
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Table A.7: Isotope data for all Sr standards run during the course 
of this work. 
std # 
std size 
(ng) 
88
Sr/
86
Sr 
± 
2σ 
87
Sr/
86
Sr 
± 
2σ 
5/5/10 100 8.39517 400 0.710238 3 
5/18/10 100 8.36674 121 0.710242 3 
5/19/10 100 8.37596 358 0.710243 3 
5/8/11 100 8.33636 175 0.710249 4 
5/31/11 100 8.34002 223 0.710255 4 
10/3/11 100 8.36006 284 0.710254 3 
10/25/11 100 8.34522 311 0.710254 6 
2/10/12 100 8.30799 124 0.710259 7 
2/10/12 100 8.33670 256 0.710261 7 
11/10/11 200 8.31706 142 0.710251 7 
11/12/11 200 8.34077 83 0.710244 5 
11/9/10 300 8.35513 191 0.710244 3 
11/26/10 300 8.33476 240 0.710242 3 
6/2/12 300 8.32947 194 0.710277 3 
6/3/12 300 8.31316 137 0.710254 3 
6/5/12 300 8.30076 53 0.710262 5 
6/6/12 300 8.29760 51 0.710250 4 
6/8/12 300 8.29477 82 0.710254 5 
6/9/12 300 8.29197 58 0.710253 5 
6/20/12 300 8.29380 56 0.710256 5 
6/21/12 300 8.29864 59 0.710250 6 
8/4/12 300 8.29894 24 0.710244 6 
8/5/12 300 8.29321 45 0.710250 5 
8/20/12 300 8.29429 49 0.710250 4 
8/23/12 300 8.39893 644 0.710257 4 
8/24/12 300 8.29786 109 0.710246 6 
10/29/12 300 8.29298 69 0.710244 5 
10/30/12 300 8.29903 123 0.710238 6 
11/3/12 300 8.44109 358 0.710262 8 
1/30/00 300 8.30006 138 0.710246 5 
2σ errors are in the last decimal place. 
   
 
 
175 
 
 
176 
 
 
Figure A.2: All 400pg NdO standards run during the course of this work. 
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Figure A.3: All 4ng JNDi NdO standards run during the course of this work. 
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Figure A.4: All 4ng La Jolla NdO standards run during the course of this work. 
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Figure A.5: All 20ng Sm standards run during the course of this work. 
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Figure A.6: All Sr standards run during the course of this work. 
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APPENDIX B 
ALL BLANK DATA 
The following tables and figures contain all Nd, Sm, and Sr blank data collected 
during the course of the work presented here. At least one blank was run alongside every 
set of columns, and reagent blanks were run periodically. Due to the very small size of 
most blanks, it was not always possible to measure reliable isotopic ratios. For this 
reason, tables B.1 and B.2 show the sizes of all blanks measured, and tables B.3 and B.4 
show the measured isotope ratios for the blanks where reliable data was obtained. 
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Table B.1: All Sm-Nd blank data measured during the course of the work 
presented here. 
REAGENT BLANKS 
reagent (5 mL) Nd (pg) Sm (pg) TIMS date acid made 
glacial acetic acid 0.67 - 7/2/09 ? 
0.2 MLA 29.87 13.12 7/2/09 ? 
7N nitric 1.09 - 7/2/09 ? 
2N nitric 1.86 - 7/7/09 ? 
1.5N HCl 2.67 - 7/7/09 ? 
1.5N HCl 4.27 0.91 7/12/09 7/8/09 
2N nitric 0.55 - 7/12/09 7/8/09 
0.05N nitric 1.74 - 7/14/09 7/8/09 
0.2 MLA 39.88 10.93 8/13/09 7/8/09 
0.2 MLA 37.67 9.90 10/26/09 8/5/09 
1.5N HCl 1.43 0.24 11/16/09 11/6/09 
1N acetic 2.21 0.04 11/16/09 11/6/09 
6N HCl 0.58 0.12 11/17/09 11/6/09 
0.05N nitric 1.15 0.39 12/31/09 12/29/09 
2N nitric 0.56 0.27 12/31/09 12/29/09 
2N nitric 6.50 - 5/10/10 4/30/10 
1.5N HCl 0.42 - 7/11/10 7/7/10 
0.05N nitric 0.77 0.17 7/11/10 5/26/10 
6N HCl - 0.10 7/11/10 5/26/10 
acetic acid 4.72 2.38 2/20/11 ? 
conc nitric 0.99 0.61 2/24/11 ? 
COLUMN BLANKS 
type Nd (pg) Sm (pg) TIMS date MLA date 
MLA column 132.29 - 7/2/09 6/25/09 
MLA column 71.17 7.15 8/2/09 7/29/09 
MLA column 49.87 8.68 8/13/09 8/6/09 
truspec column 0.20 - 8/13/09 8/7/09 
MLA column 85.43 14.43 10/16/09 10/9/09 
MLA column 20.19 6.19 11/16/09 11/9/09 
3 column 44.65 9.86 1/26/10 1/24/10 
3 column 35.32 9.37 2/23/10 2/20/10 
3 column 35.07 11.02 3/11/10 3/9/10 
3 column 32.98 10.33 3/28/10 3/21/10 
Sr column - - 4/21/10 4/15/10 
3 column 42.84 11.41 5/4/10 5/2/10 
3 column 37.55 11.42 5/17/10 5/15/10 
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3 column 47.51 11.45 5/24/10 5/22/10 
3 column 34.79 10.75 6/11/10 6/8/10 
2 column 30.84 7.46 7/11/10 7/4/10 
3 column 26.68 8.38 8/9/10 8/4/10 
MLA column 21.50 5.95 9/28/10 9/22/10 
3 column 25.25 6.55 10/7/10 10/4/10 
3 column 27.72 7.47 11/21/10 11/14/10 
3 column 24.91 7.49 12/26/10 12/8/10 
3 column 24.18 7.63 12/26/10 12/20/10 
bomb + 3 column 80.30 25.26 1/19/11 1/17/11 
3 column 49.03 10.86 2/3/11 2/2/11 
3 column 35.68 7.72 5/21/11 5/11/11 
3 column 38.04 10.67 9/19/11 9/17/11 
MLA column 6.43 0.87 10/3/11 9/27/11 
3 column 20.75 3.01 10/24/11 10/19/11 
3 column 30.57 1.05 12/13/11 12/2/11 
MLA column 8.86 0.93 2/11/12 1/9/12 
3 column 24.29 5.49 2/12/12 1/13/12 
3 column 17.32 1.27 7/5/12 6/25/12 
3 column 39.56 1.39 7/5/12 6/30/12 
3 column 20.47 - 8/4/12 7/18/12 
3 column 31.19 - 8/4/12 7/27/12 
4 column (Sr+Nd) 23.84 - 8/4/12 7/27/12 
3 column 28.23 2.70 10/28/12 10/26/12 
MLA column 21.26 1.86 10/28/12 10/26/12 
MLA column 17.23 1.82 11/17/12 11/1/12 
MLA column 18.12 3.12 11/12/12 11/5/12 
3 column 17.72 2.10 11/25/12 11/21/12 
MLA column 18.40 2.03 12/8/12 12/4/12 
3 column 13.92 0.89 1/11/13 12/16/12 
3 column 11.53 1.49 1/21/13 1/17/13 
3 column 81.63 11.75 6/8/13 5/27/13 
3 column 6.20 0.63 8/14/13 8/7/13 
3 column 7.59 1.08 9/12/13 9/8/13 
3 column 5.55 - 9/29/13 9/27/13 
3 column 9.85 1.33 11/9/13 11/7/13 
3 column 6.34 - 11/19/13 11/14/13 
3 column 8.02 - 4/4/14 3/22/14 
3 column 9.83 - 4/4/14 3/31/14 
3 column 3.85 0.91 5/25/14 5/21/14 
184 
 
Table B.2: All Sr column blank data measured during the 
course of the work presented here. 
type Sr (pg) TIMS date column date 
Sr column 55.11 5/7/10 4/30/10 
Sr column 8.25 10/4/11 9/28/11 
Sr column 1 36.23 5/9/12 5/1/12 
Sr column 2 35.72 5/9/12 5/1/12 
Sr column 3 25.74 5/9/12 5/1/12 
Sr column 4 28.60 5/9/12 5/1/12 
Sr column 5 28.81 5/9/12 5/1/12 
Sr column 1 28.33 6/3/12 5/29/12 
Sr column 2 40.14 6/3/12 5/30/12 
Sr column 15.67 6/5/12 6/4/12 
Sr column 63.22 6/9/12 6/7/12 
Sr column 50.84 8/5/12 8/1/12 
Sr column 145.52 8/20/12 8/17/12 
Sr column 39.16 10/30/12 10/12/12 
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Table B.3: 
147
Sm/
144
Nd and 
143
Nd/
144
Nd values measured for all 3 column blanks where this 
data was available. 
TIMS     
date 
pg Nd 
pg 
Sm 
147
Sm/ 
144
Nd 
2SE     
147
Sm/ 
144
Nd 
143
Nd/ 
144
Nd 
2SE     
143
Nd/ 
144
Nd 
Faradays     
or               
SEM 
1/26/10 44.65 9.86 0.13362 0.01256 0.50685 0.00549 SEM 
2/23/10 35.32 9.37 0.16040 0.00116 0.52357 0.00065 SEM 
3/11/10 35.07 11.02 0.19002 0.00314 0.49763 0.00219 SEM 
5/4/10 42.84 11.47 0.16199 0.00438 0.48942 0.00224 SEM 
5/17/10 37.55 11.42 0.18397 0.00308 0.52004 0.00287 SEM 
5/24/10 47.51 11.45 0.14578 0.00939 0.51511 0.00203 SEM 
6/11/10 34.79 10.75 0.18692 0.00206 0.50231 0.00198 SEM 
7/11/10 30.84 7.46 0.14639 0.00322 0.55503 0.01107 SEM 
8/9/10 26.68 8.38 0.19003 0.00347 0.51526 0.00351 SEM 
9/28/10 21.50 5.95 0.16746 0.00492 0.50970 0.00703 SEM 
10/7/10 25.25 6.55 0.15684 0.00379 0.49795 0.00246 SEM 
11/21/10 27.72 7.47 0.16303 0.00870 0.47967 0.00658 SEM 
12/26/10 24.91 7.49 0.18191 0.00597 0.46174 0.00679 SEM 
12/26/10 24.18 7.63 0.19096 0.00437 0.46538 0.00531 SEM 
2/3/11 49.03 10.86 0.13399 0.00221 0.50508 0.00171 SEM 
5/21/11 35.68 7.72 0.13088 0.00938 0.52442 0.01762 SEM 
9/19/11 38.04 10.67 0.16961 0.00342 0.51039 0.00296 SEM 
10/24/11 20.75 3.01 0.08783 0.00695 0.50113 0.01798 SEM 
12/13/11 30.57 1.05 0.02070 0.00040 0.50035 0.00278 SEM 
2/11/12 8.86 0.93 0.06340 0.00149 0.51852 0.00569 SEM 
10/28/12 28.23 2.70 0.05795 0.00567 0.51211 0.00221 Faradays 
10/28/12 21.26 1.86 0.05286 0.00567 0.50941 0.00280 Faradays 
11/1/12 17.23 1.82 0.06388 0.00311 0.51535 0.00141 Faradays 
11/12/12 18.12 3.12 0.10400 0.05224 0.51256 0.00256 Faradays 
11/24/12 17.72 2.10 0.07178 0.00325 0.51147 0.00080 Faradays 
12/8/12 18.40 2.03 0.06672 0.00332 0.51525 0.00215 Faradays 
1/11/13 13.92 0.89 0.03887 0.00917 0.51136 0.00095 Faradays 
1/21/13 11.53 1.49 0.07840 0.01669 0.51233 0.00074 Faradays 
6/8/13 81.63 11.75 0.08704 0.00056 0.51201 0.00036 Faradays 
8/14/13 6.20 0.63 0.06116 0.01089 0.51393 0.00104 Faradays 
9/12/13 7.59 1.08 0.08597 0.00821 0.51145 0.00187 Faradays 
9/29/13 5.55 no Sm data 0.51086 0.00165 Faradays 
11/9/13 9.85 1.33 0.08165 0.00314 0.51341 0.00210 Faradays 
11/19/13 6.34 no Sm data 0.51224 0.00056 Faradays 
3/22/14 8.02 no Sm data 0.51195 0.00044 Faradays 
3/31/14 9.83 no Sm data 0.51059 0.00125 Faradays 
5/25/14 3.85 0.91 0.14347 0.00133 0.50811 0.00125 Faradays 
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Table B.4: 
87
Sr/
86
Sr values measured for all Sr column 
blanks where this data was available. 
TIMS date pg Sr 
87
Sr/
86
Sr 2SE 
4/2/12 192.21 0.709519 0.000083 
5/9/12 36.23 0.642925 0.002126 
5/9/12 35.72 0.654282 0.001727 
5/9/12 25.74 0.654624 0.002628 
5/9/12 28.81 0.706750 0.001470 
6/3/12 28.34 0.712395 0.000834 
6/9/12 63.35 0.708143 0.000976 
8/5/12 50.84 0.712711 0.002135 
8/20/12 145.53 0.709109 0.000137 
10/30/12 39.16 0.710568 0.000489 
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Figure B.1: 
147
Sm/
144
Nd data for all 3 column blanks where this data was available. 
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Figure B.2: 
143
Nd/
144
Nd data for all 3 column blanks where this data was available. 
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Figure B.3: pg Nd plotted vs. date for all 3 column blanks run during the course of the 
work presented here. By the start of 2013, 3 columns blanks were consistently below 10 
pg. 
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APPENDIX C 
IMPROVED PRECISION ON SMALL (<4 ng Nd) SAMPLES 
 The Boston University TIMS Lab is known for pushing the limits on Nd sample 
size and producing high quality data (10 ppm precision on 
143
Nd/
144
Nd) from small 
samples (<4 ng) (Dragovic et al., 2012; Harvey and Baxter, 2009; Pollington and Baxter, 
2011; Pollington and Baxter, 2012). All of the work presented here involves small 
samples and a large emphasis was placed on pushing the sample size limits even lower 
than 4 ng. This appendix contains Nd isotopic data and precision for all < 4 ng samples 
run throughout the course of this work. 
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Table C.1: 
143
Nd/
144
Nd values and precision for all ≤ 4ng samples run during the course of the 
work presented here. 
date sample sample type ng Nd 
143
Nd/ 
144
Nd 
± 
2σ 
ppm 
error 
1/22/12 CC5-B 5.0pH carbonate leach 3.607 0.513505 15 29 
2/12/12 CC5-F glacial carbonate leach 1.806 0.512928 12 24 
2/12/12 CC5-G HCl carbonate leach 1.394 0.515168 15 28 
5/6/12 BA-XX5 full bulk carbonate 4.127 0.512639 23 45 
8/15/12 BA-XX5 F 2.6pH carbonate leach 2.094 0.512608 12 24 
8/18/12 BA-XX5 G glacial carbonate leach 1.619 0.512657 22 43 
8/18/12 BA-XX5 I nitric carbonate leach 1.489 0.512548 19 37 
11/17/12 BA-XX5 J HF carbonate leach 1.589 0.512301 45 87 
11/24/12 beehive F 2.6 pH carbonate leach 0.156 0.512148 186 362 
12/11/12 beehive H HCl carbonate leach 0.192 0.512081 100 196 
6/10/10 08JVT-2A-5 detrital garnet 2.900 0.512198 12 23 
6/21/10 08JVT-2A-6 detrital garnet 0.329 0.517748 69 133 
6/21/10 08JVT-2A-6B garnet leach 4.170 0.512815 13 25 
6/10/10 HB-1 detrital garnet 0.155 0.513189 110 214 
6/10/10 HB-1B garnet leach 0.353 0.514100 85 165 
4/5/14 N610-2A bulk carbonate 0.978 0.512477 44 85 
4/5/14 DV10-21B bulk carbonate 0.090 0.512358 167 326 
4/5/14 DY10-27C bulk carbonate 0.440 0.512599 57 111 
4/5/14 DV10-21A bulk carbonate 0.063 0.512144 164 321 
4/5/14 DV12-07 bulk carbonate 0.191 0.513270 116 227 
11/23/10 IN0812-1-1 gt garnet 3.928 0.615098 16 26 
2/4/11 IN0812-1-4 gt garnet 3.275 0.611891 28 46 
2/4/11 IN0812-1-5 gt garnet 3.614 0.612567 38 62 
3/3/12 IN0812-1-6 gt garnet 3.210 0.615255 30 48 
3/3/12 IN0812-1-7 gt garnet 2.172 0.616941 45 73 
2σ errors are in the last decimal place. 
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Figure C.1: ppm precision on 
143
Nd/
144Nd vs. ng Nd for all ≤ 4 ng samples run during 
the course of the work presented here. The black line represents the theoretical best case 
precision, assuming 10 ppm is always possible for a 4 ng sample. 
193 
 
BIBLIOGRAPHY 
 
 
Ague, J.J., Baxter, E.F., 2007. Brief thermal pulses during mountain building recorded by  
Sr diffusion in apatite and multicomponent diffusion in garnet. Earth and Planetary  
Science Letters, 261(3–4): 500-516. 
 
Ague, J.J., Eckert, J.O., Chu, X., Baxter, E.F., Chamberlain, C.P., 2013. Discovery of  
ultrahigh-temperature metamorphism in the Acadian orogen, Connecticut, USA.  
Geology, 41(2): 271-274. 
 
                                                            f the carbonatized and  
    c f  d      m f c     w         v      :   c       d  f  m          çç           
(E        )  NW         G      c   J        41(5): 557-580. 
 
Allen, T., 1997. Nappes, Gneiss Domes, and Plutonic Sheets of West-Central New  
Hampshire. Guidebook to Field Trips in Vermont and Adjacent New Hampshire and  
New York, 89: A2. 
 
Amato, J.M., Johnson, C.M., Baumgartner, L.P., Beard, B.L., 1999. Rapid exhumation of 
the Zermatt-Saas ophiolite deduced from high-precision Sm-Nd and Rb-Sr 
geochronology. Earth and Planetary Science Letters, 171(3): 425-438. 
 
Amelin, Y., 2004. Sm–Nd systematics of zircon. Chemical Geology, 211(3–4): 375-387. 
 
Anczkiewicz, R., Thirlwall, M.F., 2003. Improving precision of Sm-Nd garnet dating by 
H2SO4 leaching: a simple solution to the phosphate inclusion problem. Geological 
Society, London, Special Publications, 220(1): 83-91. 
 
Anderson, C.A., Blacet, P.M., Silver, L.T., Stern, U.W., 1971. Revision of precambrian  
stratigraphy in the Prescott-Jerome area, Yavapai County, Arizona. US Geological  
Survey Bulletin, 1324-C: C1-C16. 
 
Baker, J., Peate, D., Waight, T., Meyzen, C., 2004. Pb isotopic analysis of standards and  
samples using a 
207
Pb–204Pb double spike and thallium to correct for mass bias with a  
double-focusing MC-ICP-MS. Chemical Geology, 211(3–4): 275-303. 
 
Banner, J.L., Hanson, G.N., 1990. Calculation of simultaneous isotopic and trace element  
variations during water-rock interaction with applications to carbonate diagenesis.  
Geochimica et Cosmochimica Acta, 54(11): 3123-3137. 
 
Barrat, J.A., Boulègue, J., Tiercelin, J.J., Lesourd, M., 2000. Strontium isotopes and rare- 
earth element geochemistry of hydrothermal carbonate deposits from Lake Tanganyika,  
East Africa. Geochimica et Cosmochimica Acta, 64(2): 287-298. 
194 
 
 
Barreiro, B., Aleinikoff, J.N., 1985. Sm-Nd and U-Pb isotopic relationships in the  
Kinsman quartz monzonite, New Hampshire. Geological Society of America Northeast  
Section, Abstracts with Programs, 17: 3. 
 
Baxter, E.F., Ague, J.J., DePaolo, D.J., 2002. Prograde temperature–time evolution in the  
Barrovian type–locality constrained by Sm/Nd garnet ages from Glen Clova, Scotland.  
Journal of the Geological Society, 159(1): 71-82. 
 
Baxter, E.F., Scherer, E.E., 2013. Garnet: Timekeeper of Tectonometamorphic Processes.  
Elements. 
 
Bolhar, R., Van Kranendonk, M.J., 2007. A non-marine depositional setting for the  
northern Fortescue Group, Pilbara Craton, inferred from trace element geochemistry of  
stromatolitic carbonates. Precambrian Research, 155(3–4): 229-250. 
 
Bouvier, A., Vervoort, J.D., Patchett, P.J., 2008. The Lu–Hf and Sm–Nd isotopic  
composition of CHUR: Constraints from unequilibrated chondrites and implications for  
the bulk composition of terrestrial planets. Earth and Planetary Science Letters, 273(1–2):  
48-57. 
 
Brown, M., 2006. Duality of thermal regimes is the distinctive characteristic of plate  
tectonics since the Neoarchean. Geology, 34(11): 961-964. 
 
Carlson, W.D., 2006. Rates of Fe, Mg, Mn, and Ca diffusion in garnet. American  
Mineralogist, 91(1): 1-11. 
 
Cates, N.L., Mojzsis, S.J., 2007. Pre-3750 Ma supracrustal rocks from the Nuvvuagittuq  
supracrustal belt, northern Québec. Earth and Planetary Science Letters, 255(1–2): 9-21. 
 
Cates, N.L., Mojzsis, S.J., 2009. Metamorphic zircon, trace elements and Neoarchean  
metamorphism in the ca. 3.75 Ga Nuvvuagittuq supracrustal belt, Québec (Canada).  
Chemical Geology, 261(1–2): 99-114. 
 
Cates, N.L., Ziegler, K., Schmitt, A.K., Mojzsis, S.J., 2013. Reduced, reused and  
recycled: Detrital zircons define a maximum age for the Eoarchean (ca. 3750– 
3780 Ma) Nuvvuagittuq Supracrustal Belt, Québec (Canada). Earth and Planetary  
Science Letters, 362(0): 283-293. 
 
Chamberlain, C.P., Lyons, J.B., 1983. Pressure, temperature and metamorphic zonation  
studies of pelitic schists in the Merrimack Synclinorium, south-central New Hampshire.  
American Mineralogist, 68: 530-540. 
 
Chamberlain, C.P., Rumble, D., 1988. Thermal anomalies in a regional metamorphic  
195 
 
terrane: An isotopic study of the role of fluids. Journal of Petrology, 29(6): 1215-1232. 
 
Chamberlain, C.P., Sonder, L.J., 1990. Heat-producing elements and the thermal and  
baric patterns of metamorphic belts. Science, 250(4982): 763-769. 
 
Chakrabarti, R., Abanda, P.A., Hannigan, R.E., Basu, A.R., 2007. Effects of diagenesis  
on the Nd-isotopic composition of black shales from the 420 Ma Utica Shale  
Magnafacies. Chemical Geology, 244(1–2): 221-231. 
 
Cherniak, D.J., 1997. An experimental study of strontium and lead diffusion in calcite,  
and implications for carbonate diagenesis and metamorphism. Geochimica et  
Cosmochimica Acta, 61(19): 4173-4179. 
 
Cherniak, D.J., 1998. REE diffusion in calcite. Earth and Planetary Science Letters,  
160(3–4): 273-287. 
 
Clark, C., Fitzsimons, I.C., Healy, D., Harley, S.L., 2011. How does the continental crust  
get really hot? Elements, 7(4): 235-240. 
 
Cogswell, J.M., Mosher, S., 1994. Late-stage Alleghanian wrenching of the southwestern  
Narragansett basin, Rhode Island. American Journal of Science, 294(7): 861-901. 
 
Collins, W., 2002. Hot orogens, tectonic switching, and creation of continental crust.  
Geology, 30(6): 535-538. 
 
David, J., Godin, L., Stevenson, R., O'Neil, J., Francis, D., 2009. U-Pb ages (3.8–2.7 Ga)  
and Nd isotope data from the newly identified Eoarchean Nuvvuagittuq supracrustal belt,  
Superior Craton, Canada. Geological Society of America Bulletin, 121(1-2): 150-163. 
 
Dewolf, C.P., Zeissler, C.J., Halliday, A.N., Mezger, K., Essene, E.J., 1996. The role of  
inclusions in U-Pb and Sm-Nd garnet geochronology: Stepwise dissolution experiments  
and trace uranium mapping by fission track analysis. Geochimica et Cosmochimica Acta,  
60(1): 121-134. 
 
Dongre, A., Rao, N.C., Kamde, G., 2008. Limestone Xenolith in Siddanpalli Kimberlite,  
Gadwal Granite‐Greenstone Terrain, Eastern Dharwar Craton, Southern India: Remnant  
of Proterozoic Platformal Cover Sequence of Bhima/Kurnool Age? The Journal of  
Geology, 116(2): 184-191. 
 
Dragovic, B., Samanta, L.M., Baxter, E.F., Selverstone, J., 2012. Using garnet to  
constrain the duration and rate of water-releasing metamorphic reactions during  
subduction: An example from Sifnos, Greece. Chemical Geology, 314–317(0): 9-22. 
 
Dymek, R.F., Klein, C., 1988. Chemistry, petrology and origin of banded iron-formation  
196 
 
lithologies from the 3800 MA Isua supracrustal belt, West Greenland. Precambrian  
Research, 39(4): 247-302. 
 
England, P.C., Thompson, A.B., 1984. Pressure-temperature-time paths of regional  
metamorphism I. Heat transfer during the evolution of regions of thickened continental  
crust. Journal of Petrology, 25(4): 894-928. 
 
Eusden Jr, J.D., Bothner, W.A., Hussey III, A.M., 1987. The Kearsarge-Central Maine  
Synclinorium of southeastern New Hampshire and southwestern Maine: Stratigraphic and  
structural relations of an inverted section. American Journal of Science, 287: 242-264. 
 
Fanton, K.C., Holmden, C., Nowlan, G.S., Haidl, F.M., 2002. 
143
Nd/
144
Nd and Sm/Nd  
stratigraphy of Upper Ordovician epeiric sea carbonates. Geochimica et Cosmochimica  
Acta, 66(2): 241-255. 
 
Fowler-Billings, K., 1949. Geology of the Monadnock region of New Hampshire.  
Geological Society of America Bulletin, 60(8): 1249-1280. 
 
Getty, S.R., Gromet, L.P., 1992. Geochronological constraints on ductile deformation,  
crustal extension, and doming about a basement-cover boundary, New England  
Appalachians. American Journal of Science, 292: 359-397. 
 
Greer, J.C., Cates, N.L., Caro, G., Mojzsis, S.J. (in prep) Multiple generations of  
Eoarchean to Neoarchean granitoid gneisses host supracrustal enclaves in the Inukjuak  
Domain, northern Quebec (Canada). 
 
Guitreau, M., Blichert-Toft, J., Mojzsis, S.J., Roth, A.S.G., Bourdon, B., 2013. A legacy  
of Hadean silicate differentiation inferred from Hf isotopes in Eoarchean rocks of the  
Nuvvuagittuq supracrustal belt (Québec, Canada). Earth and Planetary Science Letters,  
362(0): 171-181. 
 
Harrison, T.M., Aleinikoff, J.N., Compston, W., 1987. Observations and controls on the  
occurrence of inherited zircon in Concord-type granitoids, New Hampshire. Geochimica  
et Cosmochimica Acta, 51(9): 2549-2558. 
 
Harvey, J., Baxter, E.F., 2009. An improved method for TIMS high precision neodymium  
isotope analysis of very small aliquots (1–10 ng). Chemical Geology, 258(3–4): 251-257. 
 
Hecht, L., Freiberger, R., Gilg, H.A., Grundmann, G., Kostitsyn, Y.A., 1999. Rare earth  
element and isotope (C, O, Sr) characteristics of hydrothermal carbonates: genetic  
implications for dolomite-hosted talc mineralization at Göpfersgrün (Fichtelgebirge,  
Germany). Chemical Geology, 155(1–2): 115-130. 
 
Henjes-Kunst, F., Prochaska, W., Niedermayr, A., Sullivan, N.C., Baxter, E.F., 2014 (in  
197 
 
press). Sm-Nd dating of hydrothermal carbonate formation: the case of the Breitenau  
magnesite deposit (Styria, Austria). Chemical Geology. 
 
Henjes-Kunst, F., Prochaska, W., Schramm, M., 2008. Application of the Sm-Nd  
isochron method to dating of evaporitic and hydrothermal carbonates. Geochimica et  
Cosmochimica Acta, 72: A368. 
 
Hernández-Moreno, J.M., Rodríguez-González, J.I., Espino-Mesa, M., 2007. Evaluation  
of the BCR sequential extraction for trace elements in European reference volcanic soils.  
European Journal of Soil Science, 58(2): 419-430. 
 
Ibarra, D.E., Egger, A.E., Weaver, K.L., Harris, C.R., Maher, K., 2014. Rise and fall of 
late Pleistocene pluvial lakes in response to reduced evaporation and precipitation: 
Evidence from Lake Surprise, California. Geological Society of America Bulletin: 
B31014.1. 
 
Jahn, B.M., Cuvellier, H., 1994. Pb-Pb and U-Pb geochronology of carbonate rocks - an  
assessment. Chemical Geology, 115(1-2): 125-151. 
 
Jones, C.E., Halliday, A.N., Lohmann, K.C., 1995. The impact of diagenesis on high- 
precision UPb dating of ancient carbonates: An example from the Late Permian of New  
Mexico. Earth and Planetary Science Letters, 134(3–4): 409-423. 
 
Junqueira, P.A., Lobato, L.M., Ladeira, E.A., Simões, E.J.M., 2007. Structural control  
and hydrothermal alteration at the BIF-hosted Raposos lode-gold deposit, Quadrilátero  
Ferrífero, Brazil. Ore Geology Reviews, 32(3–4): 629-650. 
 
Kamber, B.S., Webb, G.E., 2001. The geochemistry of late Archaean microbial  
carbonate: implications for ocean chemistry and continental erosion history. Geochimica  
et Cosmochimica Acta, 65(15): 2509-2525. 
 
Karabinos, P., Samson, S.D., Hepburn, J.C., Stoll, H.M., 1998. Taconian orogeny in the  
New England Appalachians: collision between Laurentia and the Shelburne Falls arc.  
Geology, 26(3): 215-218. 
 
Kohn, M.J., 2009. Models of garnet differential geochronology. Geochimica et  
Cosmochimica Acta, 73(1): 170-182. 
 
Krogh, T.E., 1973. A low-contamination method for hydrothermal decomposition of  
zircon and extraction of U and Pb for isotopic age determinations. Geochimica et  
Cosmochimica Acta, 37(3): 485-494. 
 
Kryc, K.A., Murray, R.W., Murray, D.W., 2003a. Al-to-oxide and Ti-to-organic linkages  
in biogenic sediment: relationships to paleo-export production and bulk Al/Ti. Earth and  
198 
 
Planetary Science Letters, 211(1–2): 125-141. 
 
Kryc, K.A., Murray, R.W., Murray, D.W., 2003b. Elemental fractionation of Si, Al, Ti,  
Fe, Ca, Mn, P, and Ba in five marine sedimentary reference materials: results from  
sequential extractions. Analytica Chimica Acta, 487(1): 117-128. 
Lagos, M. et al., 2007. High precision Lu–Hf geochronology of Eocene eclogite-facies  
rocks from Syros, Cyclades, Greece. Chemical Geology, 243(1–2): 16-35. 
 
Lancaster, P., Baxter, E., Ague, J., Breeding, C., Owens, T., 2008. Synchronous peak  
Barrovian metamorphism driven by syn‐orogenic magmatism and fluid flow in southern  
Connecticut, USA. Journal of Metamorphic Geology, 26(5): 527-538. 
 
Lasaga, A.C., Richardson, S.M., Holland, H.D., 1977. The mathematics of cation  
diffusion and exchange between silicate minerals during retrograde metamorphism.  
Energetics of Geological Processes: 353-388. 
 
Lindberg, P.A., 1989. Precambrian ore deposits of Arizona. Arizona Geological Society  
Digest, 17: 187-210. 
 
Ludwig, K.A., Kelley, D.S., Butterfield, D.A., Nelson, B.K., Früh-Green, G., 2006.  
Formation and evolution of carbonate chimneys at the Lost City Hydrothermal Field.  
Geochimica et Cosmochimica Acta, 70(14): 3625-3645. 
 
Ludwig, K.A., Shen, C.-C., Kelley, D.S., Cheng, H., Edwards, R.L., 2011. U–Th  
systematics and 230Th ages of carbonate chimneys at the Lost City Hydrothermal Field.  
Geochimica et Cosmochimica Acta, 75(7): 1869-1888. 
 
Ludwig, K.R., Paces, J.B., 2002. Uranium-series dating of pedogenic silica and  
carbonate, Crater Flat, Nevada. Geochimica et Cosmochimica Acta, 66(3): 487-506. 
 
Lugmair, G.W., Carlson, R.W., 1978. The Sm-Nd history of KREEP. Proc. Lunar Planet.  
Sci. Conf. 9th: 689-704. 
 
Lyons, J.B., Livingston, D.E., 1977. Rb-Sr age of the New Hampshire plutonic series.  
Geological Society of America Bulletin, 88(12): 1808-1812. 
 
Marschall, H.R., Kalt, A., Hanel, M., 2003. P–T Evolution of a Variscan Lower-Crustal  
Segment: a Study of Granulites from the Schwarzwald, Germany. Journal of Petrology,  
44(2): 227-253. 
 
Mattinson, J.M., 2005. Zircon U–   c  m c            (“C - I S”) m    d: c m    d  
annealing and multi-step partial dissolution analysis for improved precision and accuracy  
of zircon ages. Chemical Geology, 220(1): 47-66. 
 
199 
 
Mloszewska, A. et al., 2012a. Chemical sedimentary protoliths in the >3.75 Ga  
Nuvvuagittuq Supracrustal Belt (Québec, Canada). Gondwana Research. 
 
Mloszewska, A.M. et al., 2012b. The composition of Earth's oldest iron formations: the  
Nuvvuagittuq Supracrustal Belt (Quebec, Canada). Earth and Planetary Science Letters,  
317: 331-342. 
 
Moench, R.H. et al., 1995. Geologic map of the Sherbrooke-Lewiston area, Maine, New  
Hampshire, and Vermont, United State, and Quebec, Canada. US Geological Survey  
Miscellaneous Investigations Series Map I-1898-D, scale 1:250000. 
 
Moore, S.J., Carlson, W.D., Hesse, M.A., 2013. Origins of yttrium and rare earth element  
distributions in metamorhic garnet. Journal of Metamorphic Geology, 31: 663-689. 
 
Nabelek, P.I., Whittington, A.G., Hofmeister, A.M., 2010. Strain heating as a mechanism  
for partial melting and ultrahigh temperature metamorphism in convergent orogens:  
Implications of temperature‐dependent thermal diffusivity and rheology. Journal of  
Geophysical Research: Solid Earth (1978–2012), 115(B12). 
 
N    F J   Bjφ            N         S   1999      O       f            z  c B dj v      
Gold‐Copper Deposit, Finnmark, Northern Norway, as Deduced from Rare Earth  
Element and Nd Isotopic Evidences on Calcites. Resource Geology, 49(1): 13-25. 
 
Nothdurft, L.D., Webb, G.E., Kamber, B.S., 2004. Rare earth element geochemistry of  
Late Devonian reefal carbonates, Canning Basin, Western Australia: confirmation of a  
seawater REE proxy in ancient limestones. Geochimica et Cosmochimica Acta, 68(2):  
263-283. 
 
Oberthür, T. et al., 2009. Hercynian age of the cobalt-nickel-arsenide-(gold) ores, Bou  
Azzer, Anti-Atlas, Morocco: Re-Os, Sm-Nd, and U-Pb age determinations. Economic  
Geology, 104(7): 1065-1079. 
 
Olivier, N., Boyet, M., 2006. Rare earth and trace elements of microbialites in Upper  
Jurassic coral- and sponge-microbialite reefs. Chemical Geology, 230(1–2): 105-123. 
 
O'Neil, J., Boyet, M., Carlson, R.W., Paquette, J.-L., 2013. Half a billion years of  
reworking of Hadean mafic crust to produce the Nuvvuagittuq Eoarchean felsic crust.  
Earth and Planetary Science Letters, 379(0): 13-25. 
 
O'Neil, J., Carlson, R.W., Francis, D., Stevenson, R.K., 2008. Neodymium-142 Evidence  
for Hadean Mafic Crust. Science, 321(5897): 1828-1831. 
 
O'Neil, J., Carlson, R.W., Paquette, J.-L., Francis, D., 2012. Formation age and  
metamorphic history of the Nuvvuagittuq Greenstone Belt. Precambrian Research, 220– 
200 
 
221(0): 23-44. 
 
O'Neil, J., Francis, D., Carlson, R.W., 2011. Implications of the Nuvvuagittuq  
Greenstone Belt f       F  m       f E    ’  E     C      J        f            5 (5):  
985-1009. 
 
O'Neil, J. et al., 2007. Chapter 3.4 The Geology of the 3.8 Ga Nuvvuagittuq (Porpoise  
Cove) Greenstone Belt, Northeastern Superior Province, Canada. In: Martin J. van  
Kranendonk, R.H.S., Vickie, C.B. (Eds.), Developments in Precambrian Geology.  
Elsevier, pp. 219-250. 
 
Ostwald, C., 2013. Characterization and the temperature-time history of garnet from the  
Littleton Formation: Evidence for UHT metamorphism in Phillipston, MA. B.A. Thesis,  
Boston Univerisy, 94 pp. 
 
Ostwald, C., Sullivan, N., Baxter, E., Ague, J., Eckert Jr, J., 2014. Discovery of a Neo- 
Acadian ultrahigh temperature metamorphic event in central Massachusetts via Sm-Nd  
garnet geochronology and Zr-in rutile thermometry. Goldschmidt Conference. 
 
Peacock, S.M., 1989. Numerical constraints on rates of metamorphism, fluid production,  
and fluid flux during regional metamorphism. Geological Society of America Bulletin,  
101(4): 476-485. 
 
Peng, J.T., Hu, R.Z., Burnard, P.G., 2003. Samarium–neodymium isotope systematics of  
hydrothermal calcites from the Xikuangshan antimony deposit (Hunan, China): the  
potential of calcite as a geochronometer. Chemical Geology, 200(1–2): 129-136. 
 
Pollington, A.D., Baxter, E.F., 2010. High resolution Sm–Nd garnet geochronology  
reveals the uneven pace of tectonometamorphic processes. Earth and Planetary Science  
Letters, 293(1–2): 63-71. 
 
Pollington, A.D., Baxter, E.F., 2011. High precision microsampling and preparation of  
zoned garnet porphyroblasts for Sm–Nd geochronology. Chemical Geology, 281(3–4):  
270-282. 
 
Prince, C.I., Kosler, J., Vance, D., Günther, D., 2000. Comparison of laser ablation ICP- 
MS and isotope dilution REE analyses — implications for Sm–Nd garnet geochronology.  
Chemical Geology, 168(3–4): 255-274. 
 
Prochaska, W., Henjes-Kunst, F., 2008. Inclusion fluid chemistry of sparry magnesite  
mineralizations in the Eastern Alps. Geochemica et Cosmochemica Acta, 72. 
 
Pyle, J.M., Spear, F.S., Cheney, J.T., Layne, G., 2005. Monazite ages in the Chesham  
Pond Nappe, SW New Hampshire, USA: Implications for assembly of central New  
201 
 
England thrust sheets. American Mineralogist, 90(4): 592-606. 
 
Robinson, G.R., Van Gosen, B.S., Foley, N., 2006. Ultramafic-hosted talc-magnesite  
deposits. 42nd Forum on the Geology of Industrial Minerals in Asheville, NC. 
 
Robinson, P., Hall, L., 1980. Tectonic synthesis of southern New England. In: Wones, D.  
(Ed.), The Caledonides in the U.S.A., Blacksburg, VA: Virginia Polytechnic Institute, pp.  
73-82. 
 
Robinson, P., Tucker, R., 1992. A traverse across the "wild unknowns" of north-central  
Massachusetts from the Bronson Hill anticlinorium to the Fitchburg plutons. In:  
Robinson, P., Brady, J. (Eds.), Guidebook for Field Trips in the Connecticut River Valley  
Region of Massachusetts and Adjacent States. 84th Annual Meeting, New England  
Intercollegiate Geological Conference, Amherst, Massachusetts, pp. 424-445. 
 
Roth, A.S.G. et al., 2013. Inherited 142Nd anomalies in Eoarchean protoliths. Earth and  
Planetary Science Letters, 361(0): 50-57. 
 
Rowley, D.B., Kidd, W., 1981. Stratigraphic relationships and detrital composition of the  
Medial Ordovician flysch of western New England: Implications for the tectonic  
evolution of the Taconic orogeny. The Journal of Geology: 199-218. 
 
Ryan-Davis, J., 2013. Origins of the Moretown Formation, Vermont: A detrital zircon  
study, Middlebury College, Middlebury, VT, 80 pp. 
 
Scherer, E.E., Cameron, K.L., Blichert-Toft, J., 2000. Lu–Hf garnet geochronology:  
closure temperature relative to the Sm–Nd system and the effects of trace mineral  
inclusions. Geochimica et Cosmochimica Acta, 64(19): 3413-3432. 
 
Simard, M., Parent, M., David, J., Sharma, K.N.M., 2003. Géologie de la région de la  
rivière Innuksuac (SNRC 34K et 34L). Ministère des Ressources Naturelles, Québec, RG  
2002-10. 
 
Skora, S. et al., 2009. The duration of prograde garnet crystallization in the UHP  
eclogites at Lago di Cignana, Italy. Earth and Planetary Science Letters, 287(3–4): 402- 
411. 
 
Smit, M.A., Scherer, E.E., Mezger, K., 2013. Lu–Hf and Sm–Nd garnet geochronology:  
Chronometric closure and implications for dating petrological processes. Earth and  
Planetary Science Letters, 381(0): 222-233. 
 
Snoeyenbos, D.R., Williams, M.L., Hanmer, S., 1995. Archean high-pressure  
metamorphism in the western Canadian Shield. European Journal of Mineralogy, 7:  
1251-1272. 
202 
 
 
Spear, F., Cheney, J., Pyle, J., Harrison, T., Layne, G., 2008. Monazite geochronology in  
central New England: evidence for a fundamental terrane boundary. Journal of  
Metamorphic Geology, 26(3): 317-329. 
 
Spear, F.S., Kohn, M., Cheney, J.T., Florence, F., 2002. Metamorphic, thermal, and  
tectonic evolution of central New England. Journal of Petrology, 43(11): 2097-2120. 
 
Srivastava, R.K., Heaman, L.M., Sinha, A.K., Shihua, S., 2005. Emplacement age and  
isotope geochemistry of Sung Valley alkaline–carbonatite complex, Shillong Plateau,  
northeastern India: implications for primary carbonate melt and genesis of the associated  
silicate rocks. Lithos, 81(1–4): 33-54. 
 
Stanley, R.S., Ratcliffe, N.M., 1985. Tectonic synthesis of the Taconian orogeny in  
western New England. Geological Society of America Bulletin, 96(10): 1227-1250. 
 
Stowell, H., Parker, K.O., Gatewood, M., Tulloch, A., Koenig, A., 2014. Temporal links  
between pluton emplacement, garnet granulite metamorphism, partial melting and  
extensional collapse in the lower crust of a Cretaceous magmatic arc, Fiordland, New  
Zealand. Journal of Metamorphic Geology 32: 151-175. 
 
Su, W., Hu, R., Xia, B., Xia, Y., Liu, Y., 2009. Calcite Sm-Nd isochron age of the  
Shuiyindong Carlin-type gold deposit, Guizhou, China. Chemical Geology, 258(3–4):  
269-274. 
 
Sullivan, N.C., Baxter, E.F., Mojzsis, S.J., Cates, N.L., Koenig, A.E., (in prep).  
Neoarchean (2575 Ma) metamorphic garnets of the Nuvvuagittuq Supracrustal Belt  
(Quebec, Canada) and the subtle effects of ancient inherited zircon inclusions on Sm-Nd  
ages. Chemical Geology. 
 
Tanaka, T. et al., 2000. JNdi-1: a neodymium isotopic reference in consistency with  
LaJolla neodymium. Chemical Geology, 168(3–4): 279-281. 
 
Tessalina, S.G., Bourdon, B., Van Kranendonk, M., Birck, J.-L., Philippot, P., 2010.  
Influence of Hadean crust evident in basalts and cherts from the Pilbara Craton. Nature  
Geoscience, 3: 214-217. 
 
Tessier, A., Campbell, P.G.C., Bisson, M., 1979. Sequential extraction procedure for the  
speciation of particulate trace metals. Analytical Chemistry, 51(7): 844-851. 
 
Thompson, J., Peterson, V., Berry IV, H., Barreiro, B., 1992. Recent studies in the  
Acadian metamorphic high, south-central Massachusetts. In: Robinson, P., Brady, J.  
(Eds.), Guidebook for Field Trips in the Connecticut River Valley Region of  
Massachusetts and Adjacent States. 84th Annual Meeting, New England Intercollegiate  
203 
 
Geological Conference, Amherst, Massachusetts, pp. 229-255. 
 
Tian, M., Ague, J.J., 2014. Metamorphic thermal pulses caused by compaction-driven  
fluid flow. Goldschmidt Conference Abstract. 
 
Tichomirowa, M. et al., 2006. The mineral isotope composition of two Precambrian  
carbonatite complexes from the Kola Alkaline Province – Alteration versus primary  
magmatic signatures. Lithos, 91(1–4): 229-249. 
 
Tirone, M. et al., 2005. Rare earth diffusion kinetics in garnet: Experimental studies and  
applications. Geochemica et Cosmochemica Acta, 69: 2385-2398. 
 
Tomkins, H.S., Powell, R., Ellis, D.J., 2007. The pressure dependence of the zirconium- 
in-rutile thermometer. Journal of Metamorphic Geology, 25(6): 703-713. 
 
Toulkeridis, T. et al., 1998. Sm-Nd, Rb-Sr and Pb-Pb dating of silicic carbonates from the  
early Archaean Barberton Greenstone Belt, South Africa - Evidence for post-depositional  
isotopic resetting at low temperature. Precambrian Research, 92(2): 129-144. 
 
Tracy, R.J., 1975. High grade metamorphic reactions and partial melting in pelitic schist,  
Quabbin Reservoir area, Massachusetts. Ph.D. Thesis, University of Massachusetts,  
Amherst. 
 
Tucker, R., Robinson, P., 1995. U-Pb age of the Hardwick Pluton and pre "dome stage"  
pegmatite, Quabbin Reservoir, and their bearing on the "Acadian" orogeny in central  
Massachusetts and adjacent New Hampshire. Geological Society of America Abstracts  
with Programs, 25: A486. 
 
Uysal, I.T. et al., 2007. Sm–Nd dating and rare-earth element tracing of calcite:  
Implications for fluid-flow events in the Bowen Basin, Australia. Chemical Geology,  
238(1–2): 63-71. 
 
Watson, E.B., Wark, D.A., Thomas, J.B., 2006. Crystallization thermometers for zircon  
and rutile. Contributions to Mineralogy and Petrology, 151(4): 413-433. 
 
Webb, G.E., Kamber, B.S., 2000. Rare earth elements in Holocene reefal microbialites: a 
new shallow seawater proxy. Geochimica et Cosmochimica Acta, 64(9): 1557-1565. 
 
Wendt, I., Carl, C., 1991. The statistical distribution of the mean squared weighted  
deviation. Chemical Geology: Isotope Geoscience section, 86(4): 275-285. 
 
Wing, B., Ferry, J., Harrison, T.M., 2003. Prograde destruction and formation of  
monazite and allanite during contact and regional metamorphism of pelites: petrology  
and geochronology. Contributions to Mineralogy and Petrology, 145(2): 228-250. 
204 
 
 
Zeitler, P.K., Barreiro, B., Chamberlain, C.P., Rumble, D., 1990. Ion-microprobe dating  
of zircon from quartz-graphite veins at the Bristol, New Hampshire, metamorphic hot  
spot. Geology, 18(7): 626-629. 
 
Ziegler, C.L., Murray, R.W., Hovan, S.A., Rea, D.K., 2007. Resolving eolian,  
volcanogenic, and authigenic components in pelagic sediment from the Pacific Ocean.  
Earth and Planetary Science Letters, 254(3–4): 416-432. 
 
205 
 
CURRICULUM VITAE 
 
NORA CLEARY SULLIVAN 
 
Contact Information 
Year of birth: 1984 
Address: 51 Creighton St. Cambridge, MA 02140 
Phone: 617-840-2844 
Email: norasull@bu.edu 
 
Education 
Brown University – Geological Sciences          Sc.B. 2008 
Boston University – Earth Sciences                                   Ph.D. expected 2014 
Dissertation Title: Advances in samarium-neodymium geochronology: 
applications to early Earth garnet, hydrothermal carbonate, and high temperature 
metamorphic systems 
Advisor: Ethan Baxter 
 
Research Experience 
 2008-present: Development and enhancement of sample preparation protocols and 
TIMS loading and running procedures on NdO
+
, Sm, and Sr separated from garnet, 
carbonate and whole rock samples at the Boston University TIMS Facility. Currently 
running 400 pg Nd standards as NdO
+
 at 36 ppm (2σ external) precision on a Thermo 
Finnigan Triton TIMS. 
 
 2008-present: Garnet major element analyses and cathodoluminescence imaging on 
MIT’s JEOL 733 Electron Microprobe. 
 
 2011-2012: Development of column chromatography procedures for Pb separation, in 
carbonate samples, in Kate Maher’s isotope laboratory at Stanford University. 
Samples were run on a Nu Plasma HR Multi-Collector ICP-MS and a Nu AttoM 
High-resolution ICP-MS. 
 
 2012-present: Microsampling of zoned garnets using the BU New-Wave MicroMill. 
Current procedures produce 3-4 zones from a 2 mm thick wafer cut from the center of 
a 1.5 cm garnet. 
 
 2013-present: High precision U-Pb zircon geochronology in Sam Bowring’s Isotope 
Lab at MIT. Blanks were consistently <0.3 pg and samples were run on a VG Sector 
54 TIMS. 
 
 
 
 
206 
 
Publications 
Sullivan, N.C., Baxter, E.F., Mojzsis, S.J., Cates, N.L., 2014. Neoarchean (2575 Ma) 
metamorphic garnets of the Nuvvuagittuq Supracrustal Belt (Québec, Canada) and the 
subtle effects of ancient inherited zircon inclusions on Sm-Nd ages. (in prep). 
 
Henjes-Kunst, F., Prochaska, W., Niedermayr, A., Sullivan, N.C., Baxter, E.F., 2014. 
Sm-Nd dating of hydrothermal carbonate formation: the case of the Breitenau magnesite 
deposit (Styria, Austria). Chemical Geology (accepted). 
 
Sullivan, N.C., Baxter, E.F., Maher, K., 2014. Exploration and enhancement of Sm/Nd 
carbonate geochronology. (in prep) 
 
Sullivan, N.C., Chu, X., Baxter, E.F., Ague, J.J., 2014.  Localized, brief (393-386 Ma), 
high-temperature (>800°C) garnet growth in Bristol, NH: evidence of pulsed 
metamorphism. (in prep) 
 
Sullivan, N.C., Ostwald, C.E., Chu, X., Baxter, E.F., Ague, J.J., Eckert, J.O., 2014. High 
temperature garnet growth in New England: regional temperature-time trends revealed. 
(in prep) 
 
Conferences and Abstracts 
Baxter, E.F., Honn, D.K., Sullivan, N.C., Eccles, K.A., 2014. Sub-nanogram Nd isotope 
analysis via TIMS: Magic potions, fancy resistors, but don’t forget the blank. 
Goldschmidt Conference, Sacramento, CA. 
 
Ostwald, C.E., Sullivan, N.C., Baxter, E.F., Ague, J.J., Eckert, J.O., 2014. Discovery of a 
Neo-Acadian ultrahigh temperature metamorphic event in central Massachusetts via Sm-
Nd garnet geochronology and Zr-in-rutile thermometry. Goldschmidt Conference, 
Sacramento, CA. 
 
Sullivan, N.C., Ostwald, C.E., Chu, X., Baxter, E.F., Ague, J.J., Eckert, J.O., 2013. High 
temperature garnet growth in New England: regional temperature-time trends revealed. 
American Geophysical Union Conference, San Francisco, CA. 
 
Sullivan, N.C., Baxter, E.F., Maher, K., 2012. Exploration and enhancement of Sm/Nd 
carbonate geochronology. Goldschmidt Conference, Montreal, Canada. 
 
Baxter, E.F., Eccles, K.A., Sullivan, N.C., 2012. Progress in detrital garnet Sm-Nd 
geochronology: the second point on the isochron. Goldschmidt Conference, Montreal, 
Canada. 
 
Sullivan, N.C., Baxter, E.F., Mojzsis, S.J., 2011. 2575 Ma age of Nuvvuagittuq 
metamorphic garnet. Goldschmidt Conference, Prague, Czech Republic. 
 
207 
 
Teaching Experience 
Teaching Fellow for: 
ES101 Dynamic Earth: fall 2008 and 2009, summer 2010 
ES105 Earth and Environmental Sciences: summer 2014 
ES105 Environmental Earth Science: summer 2014 
ES302 History of the Earth: spring 2009 
ES424 Igneous and Metamorphic Petrology: spring 2010 
 
Synergistic Activities 
 2012-present: “Classroom Geologist” for a 4th/5th grade class in Dorchester, MA, 
which involves interaction with students in the form of a “pen pal”, and teaching a 
couple hands-on introductory geology lessons. 
 2009-2010: Boston University Earth Science Department Solid Earth Seminar 
organizer 
 
Awards and Honors 
2010 Boston University Department of Earth Sciences Teaching Fellow Award 
 
Professional Societies 
American Geophysical Union 
Geochemical Society 
Geological Society of America 
Mineralogical Society of America 
 
Workshops and Enrichment Activities 
Tectonic Fluxes of Carbon DCO (Deep Carbon Observatory) Workshop (12-8-13): 
Attended a day-long workshop to develop a research initiative on tectonic fluxes of 
carbon within the lithosphere. 
 
Advisors and Collaborators 
PhD advisor 
Ethan Baxter, Boston University 
Active Collaborators 
Jay Ague (Yale University) 
Sam Bowring (MIT) 
Nicole Cates (University of Colorado) 
Page Chamberlain (Stanford University) 
Jeremy Inglis (Isotopx) 
Kate Maher (Stanford University) 
Steve Mojzsis (University of Colorado) 
 
